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of thermodynamics 
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Y Firefly 


The Energy of Life 


The living cell is a chemical factory in miniature, where thousands of reactions occur 
within a microscopic space. Sugars can be converted to amino acids that are linked 
together into proteins when needed. Conversely, when food is digested, proteins are 
dismantled into amino acids that can be converted to sugars. In multicellular organ- 
isms, many cells export chemical products that are used in other parts of the organism. 
The process called cellular respiration drives this cellular economy by extracting the 
energy stored in sugars and other fuels. Cells apply this energy to perform various 
types of work, such as the transport of solutes across the plasma membrane, which 
we discussed in Concept 7.4. 

In a more exotic example, the ocean waves shown in 8.1 are brightly illu- 
minated from within by free-floating, single-celled marine organisms called dinofla- 
gellates. These dinoflagellates convert the energy stored in certain organic molecules 
to light, a process called bioluminescence. Most bioluminescent organisms are found 
in the oceans, but some exist on land, such as the bioluminescent firefly shown in the 
small photo. Bioluminescence and other metabolic activities carried out by a cell are 
precisely coordinated and controlled. In its complexity, its efficiency, and its respon- 
siveness to subtle changes, the cell is peerless as a chemical factory. The concepts 
of metabolism that you learn in this chapter will help you understand how matter 
and energy flow during life’s processes and how that flow is regulated. 


When you see this blue icon, log in to MasteringBiology 
and go to the Study Area for digital resources. 
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CONCEPT 8.1 


An organism's metabolism transforms 
matter and energy, subject to the 
laws of thermodynamics 


The totality of an organism’s chemical reactions is called 
metabolism (from the Greek metabole, change). Metabolism 
is an emergent property of life that arises from orderly inter- 
actions between molecules. 


Organization of the Chemistry of Life 
into Metabolic Pathways 


We can picture a cell’s metabolism as an elaborate road map 

of the thousands of chemical reactions that occur in a cell, 
arranged as intersecting metabolic pathways. A metabolic 
pathway begins with a specific molecule, which is then 
altered in a series of defined steps, resulting in a certain product. 
Each step of the pathway is catalyzed by a specific enzyme: 


Reaction 1 Reaction 2 Reaction 3 
Starting Product 
molecule 


There are mechanisms that regulate these enzymes, thus 
balancing metabolic supply and demand, analogous to the 
red, yellow, and green stoplights that control the flow of 
automobile traffic. 

Metabolism as a whole manages the material and energy 
resources of the cell. Some metabolic pathways release energy 
by breaking down complex molecules to simpler compounds. 
These degradative processes are called catabolic pathways, 
or breakdown pathways. A major pathway of catabolism is 
cellular respiration, in which the sugar glucose and other 
organic fuels are broken down in the presence of oxygen to 
carbon dioxide and water. (Pathways can have more than one 
starting molecule and/or product.) Energy that was stored 
in the organic molecules becomes available to do the work 
of the cell, such as ciliary beating or membrane transport. 
Anabolic pathways, in contrast, consume energy to build 
complicated molecules from simpler ones; they are some- 
times called biosynthetic pathways. Examples of anabolism 
are the synthesis of an amino acid from simpler molecules 
and the synthesis of a protein from amino acids. Catabolic 
and anabolic pathways are the “downhill” and “uphill” 
avenues of the metabolic landscape. Energy released from the 
downhill reactions of catabolic pathways can be stored and 
then used to drive the uphill reactions of anabolic pathways. 

In this chapter, we will focus on mechanisms common to 
metabolic pathways. Because energy is fundamental to all 
metabolic processes, a basic knowledge of energy is necessary 
to understand how the living cell works. Although we will use 
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some nonliving examples to study energy, the concepts dem- 
onstrated by these examples also apply to bioenergetics, 
the study of how energy flows through living organisms. 


Forms of Energy 


Energy is the capacity to cause change. In everyday life, 
energy is important because some forms of energy can be used 
to do work—that is, to move matter against opposing forces, 
such as gravity and friction. Put another way, energy is the 
ability to rearrange a collection of matter. For example, you 
expend energy to turn the pages of this book, and your cells 
expend energy in transporting certain substances across mem- 
branes. Energy exists in various forms, and the work of life 
depends on the ability of cells to transform energy from 

one form to another. 

Energy can be associated with the relative motion of objects; 
this energy is called kinetic energy. Moving objects can per- 
form work by imparting motion to other matter: A pool player 
uses the motion of the cue stick to push the cue ball, which in 
turn moves the other balls; water gushing through a dam turns 
turbines; and the contraction of leg muscles pushes bicycle 
pedals. Thermal energy is kinetic energy associated with the 
random movement of atoms or molecules; thermal energy 
in transfer from one object to another is called heat. Light 
is also a type of energy that can be harnessed to perform work, 
such as powering photosynthesis in green plants. 

An object not presently moving may still possess energy. 
Energy that is not kinetic is called potential energy; 
it is energy that matter possesses because of its location or 
structure. Water behind a dam, for instance, possesses energy 
because of its altitude above sea level. Molecules possess 
energy because of the arrangement of electrons in the bonds 
between their atoms. Chemical energy is a term used by 
biologists to refer to the potential energy available for release 
in a chemical reaction. Recall that catabolic pathways release 
energy by breaking down complex molecules. Biologists say 
that these complex molecules, such as glucose, are high in 
chemical energy. During a catabolic reaction, some bonds are 
broken and others are formed, releasing energy and resulting 
in lower-energy breakdown products. This transformation 
also occurs in the engine of a car when the hydrocarbons of 
gasoline react explosively with oxygen, releasing the energy 
that pushes the pistons and producing exhaust. Although less 
explosive, a similar reaction of food molecules with oxygen 
provides chemical energy in biological systems, producing 
carbon dioxide and water as waste products. Biochemical 
pathways, carried out in the context of cellular structures, 
enable cells to release chemical energy from food molecules 
and use the energy to power life processes. 

How is energy converted from one form to another? 
Consider Figure 8.2. The woman climbing the ladder to the 
diving platform is releasing chemical energy from the food 
she ate for lunch and using some of that energy to perform 


V Figure 8.2 Transformations between potential 
and kinetic energy. 


A diver has more potential 
energy on the platform 
than in the water. 


Diving converts 
potential energy to 
kinetic energy. 


Climbing up converts the kinetic 
energy of muscle movement 
to potential energy. 


A diver has less potential 
energy in the water 
than on the platform. 


© Animation: Energy Transformations 


the work of climbing. The kinetic energy of muscle movement 
is thus being transformed into potential energy due to her 
increasing height above the water. The man diving is convert- 
ing his potential energy to kinetic energy, which is then trans- 
ferred to the water as he enters it, resulting in splashing, noise, 
and increased movement of water molecules. A small amount 
of energy is lost as heat due to friction. 

Now let’s consider the original source of the organic food 
molecules that provided the necessary chemical energy for 
these divers to climb the steps. This chemical energy was itself 


V Figure 8.3 The two laws of thermodynamics. 


Chemical 


Kinetic 


energy hera 


in food 


derived from light energy absorbed by plants during photo- 
synthesis. Organisms are energy transformers. 


The Laws of Energy Transformation 


The study of the energy transformations that occur in a collec- 
tion of matter is called thermodynamics. Scientists use the 
word system to denote the matter under study; they refer to the 
rest of the universe—everything outside the system—as the 
surroundings. An isolated system, such as that approximated by 
liquid in a thermos bottle, is unable to exchange either energy 
or matter with its surroundings outside the thermos. In an open 
system, energy and matter can be transferred between the sys- 
tem and its surroundings. Organisms are open systems. They 
absorb energy—for instance, light energy or chemical energy in 
the form of organic molecules—and release heat and metabolic 
waste products, such as carbon dioxide, to the surroundings. 
Two laws of thermodynamics govern energy transformations 
in organisms and all other collections of matter. 


The First Law of Thermodynamics 


According to the first law of thermodynamics, the 
energy of the universe is constant: Energy can be transferred 
and transformed, but it cannot be created or destroyed. The first 
law is also known as the principle of conservation of energy. The 
electric company does not make energy, but merely converts 
it to a form that is convenient for us to use. By converting 
sunlight to chemical energy, a plant acts as an energy 
transformer, not an energy producer. 

The brown bear in Figure 8.3a will convert the chemical 
energy of the organic molecules in its food to kinetic and 
other forms of energy as it carries out biological processes. 
What happens to this energy after it has performed work? The 
second law of thermodynamics helps to answer this question. 


(a) First law of thermodynamics: Energy can be 
transferred or transformed but neither created nor 
destroyed. For example, chemical reactions in this 
brown bear will convert the chemical (potential) 
energy in the fish into the kinetic energy of running. 


MP3 Tutor: Basic Energy Concepts 


(b) Second law of thermodynamics: Every energy transfer or transformation increases 
the disorder (entropy) of the universe. For example, as the bear runs, disorder is 
increased around its body by the release of heat and small molecules that are the 
by-products of metabolism. A brown bear can run at speeds up to 35 miles per hour 
(56 km/hr)—as fast as a racehorse. 
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The Second Law of Thermodynamics 


If energy cannot be destroyed, why can’t organisms sim- 
ply recycle their energy over and over again? It turns out 
that during every energy transfer or transformation, some 
energy becomes unavailable to do work. In most energy 
transformations, the more usable forms of energy are at 
least partly converted to thermal energy and released as heat. 
Only a small fraction of the chemical energy from the 
food in Figure 8.3a is transformed into the motion of the 
brown bear shown in Figure 8.3b; most is lost as heat, which 
dissipates rapidly through the surroundings. 

In the process of carrying out chemical reactions that per- 
form various kinds of work, living cells unavoidably convert 
other forms of energy to heat. A system can put this energy to 
work only when there is a temperature difference that results 
in thermal energy flowing as heat from a warmer location to 
a cooler one. If temperature is uniform, as it is in a living cell, 
then the heat generated during a chemical reaction will sim- 
ply warm a body of matter, such as the organism. (This can 
make a room crowded with people uncomfortably warm, as 
each person is carrying out a multitude of chemical reactions!) 

A consequence of the loss of usable energy as heat to the 
surroundings is that each energy transfer or transformation 
makes the universe more disordered. We are all familiar with 
the word “disorder” in the sense of a messy room or a run- 
down building. The word “disorder” as used by scientists, 
however, has a specific molecular definition related to how 
dispersed the energy is in a system, and how many different 
energy levels are present. For simplicity, we use “disorder” in 
the following discussion because our common understanding 
(the messy room) is a good analogy for molecular disorder. 

Scientists use a quantity called entropy as a measure 
of molecular disorder, or randomness. The more randomly 
arranged a collection of matter is, the greater its entropy. 
We can now state the second law of thermodynamics: 
Every energy transfer or transformation increases the entropy of 
the universe. Although order can increase locally, there is an 
unstoppable trend toward randomization of the universe as 
a whole. 

The physical disintegration of a system’s organized struc- 
ture is a good analogy for an increase in entropy. For example, 
you can observe the gradual decay of an unmaintained build- 
ing over time. Much of the increasing entropy of the uni- 
verse is more abstract, however, because it takes the form of 
increasing amounts of heat and less ordered forms of matter. 
As the bear in Figure 8.3b converts chemical energy to kinetic 
energy, it is also increasing the disorder of its surroundings 
by producing heat and small molecules, such as the CO, it 
exhales, that are the breakdown products of food. 

The concept of entropy helps us understand why certain 
processes are energetically favorable and occur on their own. 
It turns out that if a given process, by itself, leads to an increase 
in entropy, that process can proceed without requiring an input 
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of energy. Such a process is called a spontaneous process. 
Note that as we’re using it here, the word spontaneous does 
not imply that the process would occur quickly; rather, the 
word signifies that it is energetically favorable. (In fact, it may 
be helpful for you to think of the phrase “energetically favor- 
able” when you read the formal term “spontaneous,” the word 
favored by chemists.) Some spontaneous processes, such as an 
explosion, may be virtually instantaneous, while others, such. 
as the rusting of an old car over time, are much slower. 

A process that, on its own, leads to a decrease in entropy 
is said to be nonspontaneous: It will happen only if energy is 
supplied. We know from experience that certain events occur 
spontaneously and others do not. For instance, we know that 
water flows downhill spontaneously but moves uphill only 
with an input of energy, such as when a machine pumps the 
water against gravity. Some energy is inevitably lost as heat, 
increasing entropy in the surroundings, so usage of energy 
means that a nonspontaneous process also leads to an increase 
in the entropy of the universe as a whole. 


Biological Order and Disorder 


Living systems increase the entropy of their surroundings, 

as predicted by thermodynamic law. It is true that cells create 
ordered structures from less organized starting materials. For 
example, simpler molecules are ordered into the more com- 
plex structure of an amino acid, and amino acids are ordered 
into polypeptide chains. At the organismal level as well, com- 
plex and beautifully ordered structures result from biological 
processes that use simpler starting materials (Figure 8.4). 


V Figure 8.4 Order as a characteristic of life. Order is evident 
in the detailed structures of the biscuit star and the agave plant 
shown here. As open systems, organisms can 
increase their order as long as the order of 
their surroundings decreases, with an overall 
increase in entropy in the universe. 


However, an organism also takes in organized forms of matter 
and energy from the surroundings and replaces them with less 
ordered forms. For example, an animal obtains starch, pro- 
teins, and other complex molecules from the food it eats. As 
catabolic pathways break these molecules down, the animal 
releases carbon dioxide and water—small molecules that pos- 
sess less chemical energy than the food did (see Figure 8.3b). 
The depletion of chemical energy is accounted for by heat 
generated during metabolism. On a larger scale, energy flows 
into most ecosystems in the form of light and exits in the form 
of heat (see Figure 1.11). 

During the early history of life, complex organisms evolved 
from simpler ancestors. For instance, we can trace the ancestry 
of the plant kingdom from much simpler organisms called 
green algae to more complex flowering plants. However, this 
increase in organization over time in no way violates the sec- 
ond law. The entropy of a particular system, such as an organ- 
ism, may actually decrease as long as the total entropy of the 
universe—the system plus its surroundings—increases. Thus, 
organisms are islands of low entropy in an increasingly random 
universe. The evolution of biological order is perfectly consis- 
tent with the laws of thermodynamics. 


CONCEPT CHECK 8.1 


1. MAKE CONNECTIONS > How does the second law 
of thermodynamics help explain the diffusion of a 
substance across a membrane? (See Figure 7.10.) 


2. Describe the forms of energy found in an apple as it 
grows on a tree, then falls, then is digested by someone 
who eats it. 


3. WHAT IF? > If you place a teaspoon of sugar in the bot- 
tom of a glass of water, it will dissolve completely over 
time. Left longer, eventually the water will disappear 
and the sugar crystals will reappear. Explain these 
observations in terms of entropy. 


For suggested answers, see Appendix A. 


CONCEPT 8.2 i i 


The free-energy change of a reaction 
tells us whether or not the reaction 
occurs spontaneously 


The laws of thermodynamics that we’ve just discussed apply 
to the universe as a whole. As biologists, we want to under- 
stand the chemical reactions of life—for example, which 
reactions occur spontaneously and which ones require some 
input of energy from outside. But how can we know this with- 
out assessing the energy and entropy changes in the entire 
universe for each separate reaction? 


Free-Energy Change, AG 


Recall that the universe is really equivalent to “the system” 
plus “the surroundings.” In 1878, J. Willard Gibbs, a professor 


at Yale, defined a very useful function called the Gibbs free 
energy of a system (without considering its surroundings), 
symbolized by the letter G. We’ll refer to the Gibbs free 
energy simply as free energy. Free energy is the portion of 
a system’s energy that can perform work when temperature 
and pressure are uniform throughout the system, as in a liv- 
ing cell. Let’s consider how we determine the free-energy 
change that occurs when a system changes—for example, 
during a chemical reaction. 

The change in free energy, AG, can be calculated for a 
chemical reaction by applying the following equation: 


AG = AH — TAS 


This equation uses only properties of the system (the reac- 
tion) itself: AH symbolizes the change in the system’s enthalpy 
(in biological systems, equivalent to total energy); AS is the 
change in the system’s entropy; and T is the absolute temper- 
ature in Kelvin (K) units (K = °C + 273; see Appendix C). 

Using chemical methods, we can measure AG for any 
reaction. (The value will depend on conditions such as pH, 
temperature, and concentrations of reactants and products.) 
Once we know the value of AG for a process, we can use it 
to predict whether the process will be spontaneous (that is, 
whether it is energetically favorable and will occur without 
an input of energy). More than a century of experiments has 
shown that only processes with a negative AG are spontane- 
ous. For AG to be negative, AH must be negative (the system 
gives up enthalpy and H decreases) or TAS must be positive 
(the system gives up order and S increases), or both: When 
AH and TAS are tallied, AG has a negative value (AG < 0) for 
all spontaneous processes. In other words, every spontaneous 
process decreases the system’s free energy, and processes that 
have a positive or zero AG are never spontaneous. 

This information is immensely interesting to biologists, 
for it allows us to predict which kinds of change can happen 
without an input of energy. Such spontaneous changes can be 
harnessed to perform work. This principle is very important in 
the study of metabolism, where a major goal is to determine 
which reactions can supply energy for cellular work. 


Free Energy, Stability, and Equilibrium 


As we saw in the previous section, when a process occurs 
spontaneously in a system, we can be sure that AG is negative. 
Another way to think of AG is to realize that it represents the 
difference between the free energy of the final state and the 
free energy of the initial state: 


AG = Ghinat state — Ginitia state 


Thus, AG can be negative only when the process involves a 
loss of free energy during the change from initial state to final 
state. Because it has less free energy, the system in its final 
state is less likely to change and is therefore more stable than 
it was previously. 
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We can think of free energy as a measure of a system’s 
instability—its tendency to change to a more stable state. 
Unstable systems (higher G) tend to change in such a way that 
they become more stable (lower G). For example, a diver on 
top of a platform is less stable (more likely to fall) than when 
floating in the water; a drop of concentrated dye is less stable 
(more likely to disperse) than when the dye is spread ran- 
domly through the liquid; and a glucose molecule is less stable 
(more likely to break down) than the simpler molecules into 
which it can be split (Figure 8.5). Unless something prevents 
it, each of these systems will move toward greater stability: 
The diver falls, the solution becomes uniformly colored, and 
the glucose molecule is broken down into smaller molecules. 

Another term that describes a state of maximum stability 
is equilibrium, which you learned about in Concept 2.4 in 
connection with chemical reactions. There is an important 
relationship between free energy and equilibrium, including 
chemical equilibrium. Recall that most chemical reactions are 
reversible and proceed to a point at which the forward and 
backward reactions occur at the same rate. The reaction is then 
said to be at chemical equilibrium, and there is no further net 
change in the relative concentration of products and reactants. 

As a reaction proceeds toward equilibrium, the free 
energy of the mixture of reactants and products decreases. 
Free energy increases when a reaction is somehow pushed 
away from equilibrium, perhaps by removing some of the 


products (and thus changing their concentration relative 
to that of the reactants). For a system at equilibrium, G is at 
its lowest possible value in that system. We can think of the 
equilibrium state as a free-energy valley. Any change from 
the equilibrium position will have a positive AG and will 
not be spontaneous. For this reason, systems never spon- 
taneously move away from equilibrium. Because a system 
at equilibrium cannot spontaneously change, it can do no 
work. A process is spontaneous and can perform work only when 
it is moving toward equilibrium. 


Free Energy and Metabolism 


We can now apply the free-energy concept more specifically 
to the chemistry of life’s processes. 


Exergonic and Endergonic Reactions 
in Metabolism 


Based on their free-energy changes, chemical reactions can 
be classified as either exergonic (“energy outward”) or ender- 
gonic (“energy inward”), An exergonic reaction proceeds 
with a net release of free energy (Figure 8.6a). Because the 
chemical mixture loses free energy (G decreases), AG is nega- 
tive for an exergonic reaction. Using AG as a standard for 
spontaneity, exergonic reactions are those that occur sponta- 
neously. (Remember, the word spontaneous implies that 


V Figure 8.5 The relationship of free energy to stability, work capacity, and spontaneous 
change. Unstable systems (top) are rich in free energy, G. They have a tendency to change spontaneously 
to a more stable state (bottom), and it is possible to harness this “downhill” change to perform work. 


e More free energy (higher G) 
e Less stable 
e Greater work capacity 


In a spontaneous change 

e The free energy of the system 
decreases (AG < 0) 

e The system becomes more 
stable 

e The released free energy can 
be harnessed to do work 


4 


e Less free energy (lower G) 
* More stable 
e Less work capacity 


(a) Gravitational motion. Objects 
move spontaneously from a 
higher altitude to a lower one. 


(b) Diffusion. Molecules in a drop 


(c) Chemical reaction. In a cell, a 
of dye diffuse until they are 


randomly dispersed. into simpler molecules. 


MAKE CONNECTIONS > Compare the redistribution of molecules shown in (b) to the transport of hydrogen 
ions (H*) across a membrane by a proton pump, creating a concentration gradient, as shown in Figure 7.17. 


Which process(es) result(s) in higher free energy? Which system(s) can do work? 
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glucose molecule is broken down 


V Figure 8.6 Free energy changes (AG) in exergonic 
and endergonic reactions. 


(a) Exergonic reaction: energy released, spontaneous 


Reactants 


Free energy ——> 


Progress of the reaction —————> 


(b) Endergonic reaction: energy required, nonspontaneous 


Products 


Reactants 


Free energy —> 


Progress of the reaction ——————————> 


© Animation: Exergonic and Endergonic Reactions 


it is energetically favorable, not that it will occur rapidly.) 
The magnitude of AG for an exergonic reaction represents 
the maximum amount of work the reaction can perform.* The 
greater the decrease in free energy, the greater the amount of 
work that can be done. 

We can use the overall reaction for cellular respiration as 
an example: 


CyH,20, + 6 O, — 6 CO, + 6 H,O 
AG = —686 kcal/mol (—2,870 kJ/mol) 


For each mole (180 g) of glucose broken down by respira- 
tion under what are called “standard conditions” (1 M of 
each reactant and product, 25°C, pH 7), 686 kcal (2,870 kJ) 
of energy is made available for work. Because energy must be 
conserved, the chemical products of respiration store 686 kcal 
less free energy per mole than the reactants. The products are, 


“The word maximum qualifies this statement, because some of the free energy 
is released as heat and cannot do work. Therefore, AG represents a theoretical 
upper limit of available energy. 


in a sense, the spent exhaust of a process that tapped the free 
energy stored in the bonds of the sugar molecules. 

It is important to realize that the breaking of bonds does 
not release energy; on the contrary, as you will soon see, 
it requires energy. The phrase “energy stored in bonds” is 
shorthand for the potential energy that can be released when 
new bonds are formed after the original bonds break, as long 
as the products are of lower free energy than the reactants. 

An endergonic reaction is one that absorbs free energy 
from its surroundings (Figure 8.6b). Because this kind of reac- 
tion essentially stores free energy in molecules (G increases), 
AG is positive. Such reactions are nonspontaneous, and the 
magnitude of AG is the quantity of energy required to drive 
the reaction. If a chemical process is exergonic (downhill), 
releasing energy in one direction, then the reverse process 
must be endergonic (uphill), using energy. A reversible process 
cannot be downhill in both directions. If AG = —686 kcal/mol 
for respiration, which converts glucose and oxygen to carbon 
dioxide and water, then the reverse process—the conversion 
of carbon dioxide and water to glucose and oxygen—must be 
strongly endergonic, with AG = +686 kcal/mol. Such a reac- 
tion would never happen by itself. 

How, then, do plants make the sugar that organisms use 
for energy? Plants get the required energy—686 kcal to make 
a mole of glucose—from the environment by capturing light 
and converting its energy to chemical energy. Next, in a long 
series of exergonic steps, they gradually spend that chemical 
energy to assemble glucose molecules. 


Equilibrium and Metabolism 


Reactions in an isolated system eventually reach equilib- 
rium and can then do no work, as illustrated by the isolated 
hydroelectric system in Figure 8.7. The chemical reactions of 
metabolism are reversible, and they, too, would reach equi- 
librium if they occurred in the isolation of a test tube. Because 
systems at equilibrium are at a minimum of G and can do no 
work, a cell that has reached metabolic equilibrium is dead! 
The fact that metabolism as a whole is never at equilibrium is one 
of the defining features of life. 


Y Figure 8.7 Equilibrium and work in an isolated hydroelectric 
system. Water flowing downhill turns a turbine that drives a generator 
providing electricity to a lightbulb, but only until the system reaches 
equilibrium. 
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Like most systems, a living cell is not in equilibrium. The 
constant flow of materials in and out of the cell keeps the 
metabolic pathways from ever reaching equilibrium, and the 
cell continues to do work throughout its life. This principle 
is illustrated by the open (and more realistic) hydroelectric 
system in Figure 8.8a. However, unlike this simple system 
in which water flowing downhill turns a single turbine, a 
catabolic pathway in a cell releases free energy in a series of 
reactions. An example is cellular respiration, illustrated by 
analogy in Figure 8.8b. Some of the reversible reactions of 
respiration are constantly “pulled” in one direction—that is, 
they are kept out of equilibrium. The key to maintaining this 
lack of equilibrium is that the product of a reaction does not 
accumulate but instead becomes a reactant in the next step; 
finally, waste products are expelled from the cell. The overall 
sequence of reactions is kept going by the huge free-energy 
difference between glucose and oxygen at the top of the 
energy “hill” and carbon dioxide and water at the “downhill” 
end. As long as our cells have a steady supply of glucose or 
other fuels and oxygen and are able to expel waste products 
to the surroundings, their metabolic pathways never reach 
equilibrium and can continue to do the work of life. 

Stepping back to look at the big picture, we can see once 
again how important it is to think of organisms as open 
systems. Sunlight provides a daily source of free energy for 
an ecosystem’s plants and other photosynthetic organisms. 


Y Figure 8.8 Equilibrium and work in open systems. 


(a) An open hydroelectric 
system. Water flowing 
through a turbine keeps 
driving the generator 
because intake and 
outflow of water keep 
the system from reaching 
equilibrium. 


(b) A multistep open hydroelectric system. Cellular respiration 
is analogous to this system: Glucose is broken down in a series 
of exergonic reactions that power the work of the cell. The 
product of each reaction is used as the reactant for the next, 
so no reaction reaches equilibrium. 
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Animals and other nonphotosynthetic organisms in an 
ecosystem must have a source of free energy in the form of 
the organic products of photosynthesis. Now that we have 
applied the free-energy concept to metabolism, we are ready 
to see how a cell actually performs the work of life. 


CONCEPT CHECK 8,2 


1. Cellular respiration uses glucose and oxygen, which have 
high levels of free energy, and releases CO, and water, 
which have low levels of free energy. Is cellular respira- 
tion spontaneous or not? Is it exergonic or endergonic? 
What happens to the energy released from glucose? 


2. VISUAL SKILLS > How would the processes of catabolism 
and anabolism relate to Figure 8.5c? 


3. WHAT IF? > Some nighttime partygoers wear glow-in- 
the-dark necklaces. The necklaces start glowing once 
they are “activated” by snapping the necklace in a way 
that allows two chemicals to react and emit light in the 
form of chemiluminescence. Is the chemical reaction 
exergonic or endergonic? Explain your answer. 


For suggested answers, see Appendix A. 


CONCEPT 8.3 _ 


ATP powers cellular work by 
coupling exergonic reactions 
to endergonic reactions 


A cell does three main kinds of work: 


Chemical work, the pushing of endergonic reactions that 
would not occur spontaneously, such as the synthesis 
of polymers from monomers (chemical work will be dis- 
cussed further here; examples are shown in Chapters 9 
and 10) 

= Transport work, the pumping of substances across mem- 
branes against the direction of spontaneous movement 
(see Concept 7.4) 

= Mechanical work, such as the beating of cilia (see 
Concept 6.6), the contraction of muscle cells, and 
the movement of chromosomes during cellular 
reproduction 


A key feature in the way cells manage their energy resources 
to do this work is energy coupling, the use of an exergonic 
process to drive an endergonic one. ATP is responsible for medi- 
ating most energy coupling in cells, and in most cases it acts as 
the immediate source of energy that powers cellular work. 


Animation: Energy Coupling 


The Structure and Hydrolysis of ATP 


ATP (adenosine triphosphate) was introduced when 
we discussed the phosphate group as a functional group 
(see Concept 4.3), ATP contains the sugar ribose, with the 


nitrogenous base adenine and a chain of three phosphate 
groups (the triphosphate group) bonded to it (Figure 8.9a). 
In addition to its role in energy coupling, ATP is also one of the 
nucleoside triphosphates used to make RNA (see Figure 5.23). 
The bonds between the phosphate groups of ATP can be 
broken by hydrolysis. When the terminal phosphate bond 
is broken by addition of a water molecule, a molecule of 
inorganic phosphate (HOPO,”, abbreviated @®) throughout 
this book) leaves the ATP, which becomes adenosine diphos- 
phate, or ADP (Figure 8.9b). The reaction is exergonic and 
releases 7.3 kcal of energy per mole of ATP hydrolyzed: 


ATP + H,O > ADP + ®, 
AG = —7.3 kcal/mol (—30.5 kJ/mol) 


This is the free-energy change measured under standard con- 
ditions. In the cell, conditions do not conform to standard 


V Figure 8.9 The structure and hydrolysis of adenosine 
triphosphate (ATP). Throughout this book, the chemical structure 
of the triphosphate group seen in (a) will be represented by the three 
joined yellow circles shown in (b). 


Adenine NH, 
| | 


Triphosphate group 


(3 phosphate groups) H Ribose 


OH OH 


(a) The structure of ATP. In the cell, most hydroxyl groups of 
phosphates are ionized (—O-) 


Adenosine triphosphate (ATP) 


+ ® + 


i 3 
Adenosine diphosphate (ADP) pha na 


| (b) The hydrolysis of ATP. The reaction of ATP and water yields 
ADP and inorganic phosphate ((P),) and releases energy. 


Animation: The Structure of ATP 
Animation: Space-Filling Model of ATP 
Animation: Stick Model of ATP 


conditions, primarily because reactant and product concen- 
trations differ from 1 M. For example, when ATP hydrolysis 
occurs under cellular conditions, the actual AG is about 

—13 kcal/mol, 78% greater than the energy released by ATP 
hydrolysis under standard conditions. 

Because their hydrolysis releases energy, the phosphate 
bonds of ATP are sometimes referred to as high-energy 
phosphate bonds, but the term is misleading. The phos- 
phate bonds of ATP are not unusually strong bonds, as 
“high-energy” may imply; rather, the reactants (ATP and 
water) themselves have high energy relative to the energy 
of the products (ADP and @)). The release of energy during 
the hydrolysis of ATP comes from the chemical change 
of the system to a state of lower free energy, not from the 
phosphate bonds themselves. 

ATP is useful to the cell because the energy it releases 
on losing a phosphate group is somewhat greater than the 
energy most other molecules could deliver. But why does 
this hydrolysis release so much energy? If we reexamine the 
ATP molecule in Figure 8.9a, we can see that all three phos- 
phate groups are negatively charged. These like charges 
are crowded together, and their mutual repulsion contrib- 
utes to the instability of this region of the ATP molecule. 
The triphosphate tail of ATP is the chemical equivalent 
of a compressed spring. 


How the Hydrolysis of ATP 
Performs Work 


When ATP is hydrolyzed in a test tube, the release of free 
energy merely heats the surrounding water. In an organism, 
this same generation of heat can sometimes be beneficial. For 
instance, the process of shivering uses ATP hydrolysis during 
muscle contraction to warm the body. In most cases in the 
cell, however, the generation of heat alone would be an inef- 
ficient (and potentially dangerous) use of a valuable energy 
resource, Instead, the cell’s proteins harness the energy 
released during ATP hydrolysis in several ways to perform 
the three types of cellular work—chemical, transport, and 
mechanical. 

For example, with the help of specific enzymes, the cell 
is able to use the energy released by ATP hydrolysis directly 
to drive chemical reactions that, by themselves, are ender- 
gonic. If the AG of an endergonic reaction is less than the 
amount of energy released by ATP hydrolysis, then the two 
reactions can be coupled so that, overall, the coupled reac- 
tions are exergonic. This usually involves phosphorylation, 
the transfer of a phosphate group from ATP to some other 
molecule, such as the reactant. The recipient molecule 
with the phosphate group covalently bonded to it is then 
called a phosphorylated intermediate. The key to 
coupling exergonic and endergonic reactions is the forma- 
tion of this phosphorylated intermediate, which is more 


CHAPTER 8 An Introduction to Metabolism 151 


Y Figure 8.10 How ATP drives chemical work: Energy coupling using ATP hydrolysis. 
In this example, the exergonic process of ATP hydrolysis is used to drive an endergonic process—the 
cellular synthesis of the amino acid glutamine from glutamic acid and ammonia. 


(a) Glutamic acid conversion to glutamine. 
Glutamine synthesis from glutamic acid 
(Glu) by itself is endergonic (AG is positive), 
so it is not spontaneous. 


(b) Conversion reaction coupled with ATP 
hydrolysis. In the cell, glutamine synthesis 
occurs in two steps, coupled by a phosphorylated 
intermediate. @ ATP phosphorylates glutamic 
acid, making it less stable, with more free energy. 

Ammonia displaces the phosphate group, 


= i Glutamic acid 
forming glutamine. 


(c) Free-energy change for coupled 
reaction. AG for the glutamic acid 
conversion to glutamine (+3.4 kcal/mol) 
plus AG for ATP hydrolysis (-7.3 kcal/mol) 


Ay: HE 


A + W — A AGg\y = +3.4 kcal/mol 


Glutamic acid Ammonia 


Glutamine 


W 
©, IX? +1 S28 


Phosphorylated 
intermediate 


yf 


Glutamine 


(cea =+3.4 aay 
AY: Hg — + ADP + ©, 


gives the free-energy change for the 
overall reaction (-3.9 kcal/mol). Because 
the overall process is exergonic (net AG is 
negative), it occurs spontaneously. 


AGgIjy = +3.4 kcal/mol 
+ AGa = -7.3 kcal/mol 


Net AG = -3.9 kcal/mol 


A = -7.3 kcal/mol a ae 


MAKE CONNECTIONS > Referring to Figure 5.14, explain why glutamine (Gin) is diagrammed 


as a glutamic acid (Glu) with an amino group attached. 


reactive (less stable, with more free energy) than the original 
unphosphorylated molecule (Figure 8.10). 

Transport and mechanical work in the cell are also nearly 
always powered by the hydrolysis of ATP. In these cases, ATP 
hydrolysis leads to a change in a protein’s shape and often 
its ability to bind another molecule. Sometimes this occurs 
via a phosphorylated intermediate, as seen for the transport 
protein in Figure 8.11a. In most instances of mechanical 
work involving motor proteins “walking” along cytoskeletal 


elements (Figure 8.11b), a cycle occurs in which ATP is first 
bound noncovalently to the motor protein. Next, ATP is 
hydrolyzed, releasing ADP and ®,. Another ATP molecule 
can then bind. At each stage, the motor protein changes 

its shape and ability to bind the cytoskeleton, resulting 

in movement of the protein along the cytoskeletal track. 
Phosphorylation and dephosphorylation promote crucial 
protein shape changes during many other important cellu- 
lar processes as well. 


Y Figure 8.11 How ATP drives transport and mechanical work. ATP hydrolysis causes changes in the shapes and binding 
affinities of proteins. This can occur either (a) directly, by phosphorylation, as shown for a membrane protein carrying out active 
transport of a solute (see also Figure 7.15), or (b) indirectly, via noncovalent binding of ATP and its hydrolytic products, as is the 
case for motor proteins that move vesicles (and other organelles) along cytoskeletal “tracks” in the cell (see also Figure 6.21). 


Transport protein 


Solute transported 


(a) Transport work: ATP phosphorylates transport proteins, causing 
a shape change that allows transport of solutes. 
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Vesicle Cytoskeletal track 


— 
Sah => 4 — AP + ®, 


Protein and vesicle moved 
(b) Mechanical work: ATP binds noncovalently to motor proteins 
and then is hydrolyzed, causing a shape change that walks the 
motor protein forward. 


Motor protein 


V Figure 8.12 The ATP cycle. Energy released by breakdown 
reactions (catabolism) in the cell is used to phosphorylate ADP, 
regenerating ATP. Chemical potential energy stored in ATP drives 


most cellular work. 
A i j 


ATP synthesis 
from ADP + ®), 
requires energy. 


AWWW 


Energy from 
catabolism (exergonic, 
energy-releasing 
processes) 


ATP hydrolysis 
to ADP + ®), 
yields energy. 


Energy for cellular 
work (endergonic, 
ADP + ©, energy-consuming 
processes) 


Animation: Metabolism Overview 


The Regeneration of ATP 


An organism at work uses ATP continuously, but ATP is a 
renewable resource that can be regenerated by the addition 
of phosphate to ADP (Figure 8.12). The free energy required 
to phosphorylate ADP comes from exergonic breakdown, 
reactions (catabolism) in the cell. This shuttling of inorganic 
phosphate and energy is called the ATP cycle, and it couples 
the cell’s energy-yielding (exergonic) processes to the energy- 
consuming (endergonic) ones. The ATP cycle proceeds at an 
astonishing pace. For example, a working muscle cell recycles 
its entire pool of ATP in less than a minute. That turnover 
represents 10 million molecules of ATP consumed and regen- 
erated per second per cell. If ATP could not be regenerated by 
the phosphorylation of ADP, humans would use up nearly 
their body weight in ATP each day. 

Because both directions of a reversible process cannot be 
downhill, the regeneration of ATP is necessarily endergonic: 


ADP + ®, > ATP + H,O 
AG = +7.3 kcal/mol (+30.5 kJ/mol) (standard conditions) 


Since ATP formation from ADP and ®, is not spontane- 
ous, free energy must be spent to make it occur. Catabolic 
(exergonic) pathways, especially cellular respiration, provide 
the energy for the endergonic process of making ATP. Plants 
also use light energy to produce ATP. Thus, the ATP cycle is a 
revolving door through which energy passes during its trans- 
fer from catabolic to anabolic pathways. 


CONCEPT CHECK 8.3 
1. How does ATP typically transfer energy from an exer- 
gonic to an endergonic reaction in the cell? 


2. Which of the following has more free energy: glutamic 
acid + ammonia + ATP or glutamine + ADP + ®)? Explain 
your answer. 

3. MAKE CONNECTIONS > Does Figure 8.11a show passive 
or active transport? Explain. (See Concepts 7.3 and 7.4.) 


For suggested answers, see Appendix A 


CONCEPT 8.4 


Enzymes speed up metabolic reactions 
by lowering energy barriers 


The laws of thermodynamics tell us what will and will not 
happen under given conditions but say nothing about the rate 
of these processes. A spontaneous chemical reaction occurs 
without any requirement for outside energy, but it may occur 
so slowly that it is imperceptible. For example, even though 
the hydrolysis of sucrose (table sugar) to glucose and fructose 
is exergonic, occurring spontaneously with a release of free 
energy (AG = —7 kcal/mol), a solution of sucrose dissolved 
in sterile water will sit for years at room temperature with no 
appreciable hydrolysis. However, if we add a small amount of 
the enzyme sucrase to the solution, then all the sucrose may 
be hydrolyzed within seconds, as shown here: 


[sucrase] 
@.@ + @® To i oo 
Sucrose Glucose Fructose 

(Cy2H22011) (C6H1206) (C6H1206) 
How does the enzyme do this? 

An enzyme is a macromolecule that acts as a catalyst, 
a chemical agent that speeds up a reaction without being 
consumed by the reaction. In this chapter, we are focusing 
on enzymes that are proteins. (Some RNA molecules, called 
ribozymes, can function as enzymes; these will be discussed 
in Concepts 17.3 and 25.1.) Without regulation by enzymes, 
chemical traffic through the pathways of metabolism would 
become terribly congested because many chemical reactions 
would take such a long time. In the next two sections, 
we will see why spontaneous reactions can be slow and 
how an enzyme changes the situation. 


The Activation Energy Barrier 


Every chemical reaction between molecules involves both 
bond breaking and bond forming. For example, the hydro- 
lysis of sucrose involves breaking the bond between glucose 
and fructose and one of the bonds of a water molecule and 
then forming two new bonds, as shown above. Changing one 
molecule into another generally involves contorting the start- 
ing molecule into a highly unstable state before the reaction 
can proceed. This contortion can be compared to the bending 
of a metal key ring when you pry it open to add a new key. 
The key ring is highly unstable in its opened form but returns 
to a stable state once the key is threaded all the way onto the 
ring. To reach the contorted state where bonds can change, 
reactant molecules must absorb energy from their surround- 
ings. When the new bonds of the product molecules form, 
energy is released as heat, and the molecules return to stable 
shapes with lower energy than the contorted state. 
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The initial investment of energy for starting a reaction— 
the energy required to contort the reactant molecules so the 
bonds can break—is known as the free energy of activation, or 
activation energy, abbreviated E, in this book. We can 
think of activation energy as the amount of energy needed to 
push the reactants to the top of an energy barrier, or uphill, so 
that the “downhill” part of the reaction can begin. Activation 
energy is often supplied by heat in the form of thermal energy 
that the reactant molecules absorb from the surroundings. 
The absorption of thermal energy accelerates the reactant 
molecules, so they collide more often and more forcefully. 

It also agitates the atoms within the molecules, making the 
breakage of bonds more likely. When the molecules have 
absorbed enough energy for the bonds to break, the reactants 
are in an unstable condition known as the transition state. 

Figure 8.13 graphs the energy changes for a hypotheti- 
cal exergonic reaction that swaps portions of two reactant 
molecules: 


AB + CD > AC + BD 
Reactants Products 


The activation of the reactants is represented by the uphill 
portion of the graph, in which the free-energy content of 


V Figure 8.13 Energy profile of an exergonic reaction. 

The “molecules” are hypothetical, with A, B, C, and D representing 
portions of the molecules. Thermodynamically, this is an exergonic 
reaction, with a negative AG, and the reaction occurs spontaneously. 
However, the activation energy (E,) provides a barrier that determines 
the rate of the reaction. 


The reactants AB and CD must absorb 
enough energy from the surroundings 
to reach the unstable transition state, 
where bonds can break. 


After bonds have 
broken, new bonds 
form, releasing energy 
to the surroundings. 


e-o 
eo-o 


Transition state 


Free energy ——»> 


Products 


Progress of the reaction ——> 
DRAW IT > Graph the progress of an endergonic reaction in which EF and 


GH form products EG and FH, assuming that the reactants must pass through 
a transition state. 
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the reactant molecules is increasing. At the summit, when 
energy equivalent to E, has been absorbed, the reactants are 
in the transition state: They are activated, and their bonds 
can be broken. As the atoms then settle into their new, more 
stable bonding arrangements, energy is released to the sur- 
roundings. This corresponds to the downhill part of the 
curve, which shows the loss of free energy by the molecules. 
The overall decrease in free energy means that E, is repaid 
with dividends, as the formation of new bonds releases more 
energy than was invested in the breaking of old bonds. 

The reaction shown in Figure 8.13 is exergonic and occurs 
spontaneously (AG < 0). However, the activation energy 
provides a barrier that determines the rate of the reaction. 
The reactants must absorb enough energy to reach the top of 
the activation energy barrier before the reaction can occur. 
For some reactions, E, is modest enough that even at room 
temperature there is sufficient thermal energy for many of 
the reactant molecules to reach the transition state in a short 
time. In most cases, however, E, is so high and the transition 
state is reached so rarely that the reaction will hardly proceed 
at all. In these cases, the reaction will occur at a noticeable 
rate only if energy is provided, usually by heat. For example, 
the reaction of gasoline and oxygen is exergonic and will 
occur spontaneously, but energy is required for the molecules 
to reach the transition state and react. Only when the spark 
plugs fire in an automobile engine can there be the explosive 
release of energy that pushes the pistons. Without a spark, 

a mixture of gasoline hydrocarbons and oxygen will not 
react because the E, barrier is too high. 


How Enzymes Speed Up Reactions 


Proteins, DNA, and other complex cellular molecules are 

rich in free energy and have the potential to decompose 
spontaneously; that is, the laws of thermodynamics favor 
their breakdown. These molecules only persist because at 
temperatures typical for cells, few molecules can make it over 
the hump of activation energy. The barriers for selected reac- 
tions must occasionally be surmounted, however, for cells to 
carry out the processes needed for life. Heat can increase the 
rate of a reaction by allowing reactants to attain the transition 
state more often, but this would not work well in biologi- 

cal systems. First, high temperature denatures proteins and 
Kills cells. Second, heat would speed up all reactions, not just 
those that are needed. Instead of heat, organisms carry out 
catalysis, a process by which a catalyst (for example, an 
enzyme) selectively speeds up a reaction without itself being 
consumed. (You learned about catalysts in Concept 5.4.) 

An enzyme catalyzes a reaction by lowering the E, barrier 
(Figure 8.14), enabling the reactant molecules to absorb 
enough energy to reach the transition state even at moderate 
temperatures, as we'll discuss shortly. It is crucial to note that 
an enzyme cannot change the AG for a reaction; it cannot make an 
endergonic reaction exergonic. Enzymes can only hasten reactions 


V Figure 8.14 The effect of an enzyme on activation energy. 
Without affecting the free-energy change (AG) for a reaction, an 
enzyme speeds the reaction by reducing its activation energy (E,). 


Course of 


reaction Ea 

without without 

enzyme enzyme E, with 
enzyme 
is lower 


Reactants 


Free energy ——» 


Course of AG is unaffected 
reaction by enzy 
with enzyme 


Products 


Progress of the reaction ——> 


© Animation: How Enzymes Work 


that would eventually occur anyway, but this enables the cell 
to have a dynamic metabolism, routing chemicals smoothly 
through metabolic pathways. Also, enzymes are very specific 
for the reactions they catalyze, so they determine which chem- 
ical processes will be going on in the cell at any given time. 


Substrate Specificity of Enzymes 


The reactant an enzyme acts on is referred to as the enzyme’s 
substrate. The enzyme binds to its substrate (or sub- 
strates, when there are two or more reactants), forming an 
enzyme-substrate complex. While enzyme and substrate 
are joined, the catalytic action of the enzyme converts the 


Y Figure 8.15 Induced fit between an enzyme and its substrate. 


Substrate 


Active site —__*_ 


Enzyme 


Enzyme-substrate 


substrate to the product (or products) of the reaction. The 
overall process can be summarized as follows: 


Enzyme + Enzyme- Enzyme + 
Substrate(s) = substrate = Product(s) 
complex 


Most enzyme names end in -ase. For example, the enzyme 
sucrase catalyzes the hydrolysis of the disaccharide sucrose 
into its two monosaccharides, glucose and fructose (see the 
diagram at the beginning of Concept 8.4): 


Sucrase + Sucrase- Sucrase + 
Sucrose+ = sucrose-H,O = Glucose + 
H,O complex Fructose 


The reaction catalyzed by each enzyme is very specific; an 
enzyme can recognize its specific substrate even among closely 
related compounds. For instance, sucrase will act only on 
sucrose and will not bind to other disaccharides, such as 
maltose. What accounts for this molecular recognition? Recall 
that most enzymes are proteins, and proteins are macromol- 
ecules with unique three-dimensional configurations. The 
specificity of an enzyme results from its shape, which is a con- 
sequence of its amino acid sequence. 

Only a restricted region of the enzyme molecule actually 
binds to the substrate. This region, called the active site, is 
typically a pocket or groove on the surface of the enzyme where 
catalysis occurs (Figure 8.15a; see also Figure 5.16). Usually, the 
active site is formed by only a few of the enzyme’s amino acids, 
with the rest of the protein molecule providing a framework 
that determines the shape of the active site. The specificity ofan 
enzyme is attributed to a complementary fit between the shape 
of its active site and the shape of the substrate. 

An enzyme is not a stiff structure locked into a given 

shape. In fact, recent work by biochemists has shown 
that enzymes (and other proteins) seem to 
“dance” between subtly different shapes in 

a dynamic equilibrium, with slight dif- 

ferences in free energy for each “pose.” 

The shape that best fits the substrate 

isn’t necessarily the one with the low- 

est energy, but during the very short 
time the enzyme takes on this shape, 
its active site can bind to the substrate. 

The active site itself is also not a rigid 

receptacle for the substrate. As the sub- 

strate enters the active site, the enzyme 
changes shape slightly due to interac- 


tions between the substrate’s chemical 
groups and chemical groups on the side 
chains of the amino acids that form the 
active site. This shape change makes 
the active site fit even more snugly 
around the substrate (Figure 8.15b). 


complex 


(b) When the substrate enters the active site, it 
forms weak bonds with the enzyme, 
inducing a change in the shape of the 
protein. This change allows additional weak 
bonds to form, causing the active site to 
enfold the substrate and hold it in place. 


(a) In this space-filling model of the enzyme 
hexokinase (blue), the active site forms a 
groove on the surface. The enzyme’s 
substrate is glucose (red). 


CHAPTER 8 An Introduction to Metabolism 155 


The tightening of the binding after initial contact—called 
induced fit—is like a clasping handshake. Induced fit 
brings chemical groups of the active site into positions that 
enhance their ability to catalyze the chemical reaction. 


Catalysis in the Enzyme’s Active Site 


In most enzymatic reactions, the substrate is held in the 
active site by so-called weak interactions, such as hydrogen 
bonds and ionic bonds. The R groups of a few of the amino 
acids that make up the active site catalyze the conversion 
of substrate to product, and the product departs from the 
active site. The enzyme is then free to take another sub- 
strate molecule into its active site. The entire cycle hap- 
pens so fast that a single enzyme molecule typically acts 
on about 1,000 substrate molecules per second, and some 
enzymes are even faster. Enzymes, like other catalysts, 
emerge from the reaction in their original form. Therefore, 
very small amounts of enzyme can have a huge metabolic 
impact by functioning over and over again in catalytic 
cycles. Figure 8.16 shows a catalytic cycle involving two 
substrates and two products. 

Most metabolic reactions are reversible, and an enzyme 
can catalyze either the forward or the reverse reaction, 
depending on which direction has a negative AG. This in turn 
depends mainly on the relative concentrations of reactants 
and products. The net effect is always in the direction of 
equilibrium. 

Enzymes use a variety of mechanisms that lower activation 
energy and speed up a reaction (see Figure 8.16, step ©): 


When there are two or more reactants, the active site 
provides a template on which the substrates can come 
together in the proper orientation for a reaction to occur 
between them. 

= As the active site of an enzyme clutches the bound sub- 
strates, the enzyme may stretch the substrate molecules 
toward their transition state form, stressing and bending 
critical chemical bonds to be broken during the reaction. 
Because E, is proportional to the difficulty of breaking 
the bonds, distorting the substrate helps it approach the 
transition state and reduces the amount of free energy 
that must be absorbed to achieve that state. 
The active site may also provide a microenvironment 
that is more conducive to a particular type of reaction 
than the solution itself would be without the enzyme. 
For example, if the active site has amino acids with acidic 
R groups, the active site may be a pocket of low pH in 
an otherwise neutral cell. In such cases, an acidic amino 
acid may facilitate H* transfer to the substrate as a key 
step in catalyzing the reaction. 
Amino acids in the active site directly participate in the 
chemical reaction. Sometimes this process even involves 
brief covalent bonding between the substrate and the 
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YV Figure 8.16 The active site and catalytic cycle of an enzyme. 
An enzyme can convert one or more reactant molecules to one or more 
product molecules. The enzyme shown here converts two substrate 
molecules to two product molecules. 


@ Substrates enter the 
active site; enzyme changes 
shape such that its active 


@ Substrates are held 
in the active site by 
weak interactions, such 


site enfolds the substrates as hydrogen bonds and 
(induced fit). ionic bonds. 

Substrates i 
Enzyme-substrate 9 e AANG 
complex site lowers 

E, and 

Q Active speeds up 

site is the reaction 

avail- (see text). 

able for 
two new 
substrate 
molecules. Enzyme 
© Products are 34 
released. TÀ Q Substrates are 
$ converted to 


Products products. 


DRAW IT > The enzyme-substrate complex passes through a transition 
state (see Figure 8.13). Label the part of the cycle where the transition 
state occurs. 


© Animation: Enzymes: Steps in a Reaction 


side chain of an amino acid of the enzyme. Subsequent 
steps of the reaction restore the side chains to their 
original states so that the active site is the same after 
the reaction as it was before. 


The rate at which a particular amount of enzyme converts 
substrate to product is partly a function of the initial con- 
centration of the substrate: The more substrate molecules 
that are available, the more frequently they access the active 
sites of the enzyme molecules. However, there is a limit to 
how fast the reaction can be pushed by adding more sub- 
strate to a fixed concentration of enzyme. At some point, 
the concentration of substrate will be high enough that 
all enzyme molecules will have their active sites engaged. 

As soon as the product exits an active site, another sub- 
strate molecule enters. At this substrate concentration, the 
enzyme is said to be saturated, and the rate of the reaction 
is determined by the speed at which the active site converts 
substrate to product. When an enzyme population is satu- 
rated, the only way to increase the rate of product forma- 
tion is to add more enzyme. Cells often increase the rate of 
a reaction by producing more enzyme molecules. You can 
graph the overall progress of an enzymatic reaction in the 
Scientific Skills Exercise. 


SCIENTIFIC SKILLS EXERCISE 


Making a Line Graph and 
Calculating a Slope 


Does the Rate of Glucose 6-Phosphatase Activity Change 
over Time in Isolated Liver Cells? Glucose 6-phosphatase, 
which is found in mammalian liver cells, is a key enzyme in control of 
blood glucose levels. The enzyme catalyzes the breakdown of glucose 
6-phosphate into glucose and inorganic phosphate (®),). These prod- 
ucts are transported out of liver cells into the blood, increasing blood 
glucose levels. In this exercise, you will graph data from a time-course 
experiment that measured @®; concentration in the buffer outside 
isolated liver cells, thus indirectly measuring glucose 6-phosphatase 
activity inside the cells. 


How the Experiment Was Done Isolated rat liver cells were 
placed in a dish with buffer at physiological conditions (pH 7.4, 37°C). 
Glucose 6-phosphate (the substrate) was added so it could be taken 
up by cells and broken down by glucose 6-phosphatase. A sample of 
buffer was removed every 5 minutes and the concentration of ®, 
that had been transported out of the cells was determined 


Data from the Experiment 


Time (min) Concentration of ®, (umol/mL) 

0 0 

S 10 

10 90 

15 180 

20 270 

25 330 

30 355 

35 355 

| 40 355 


Data from S. R. Commerford et al., Diets enriched in sucrose or fat increase gluco- 
neogenesis and G-6-Pase but not basal glucose production in rats, American Journal 
of Physiology - Endocrinology and Metabolism 283:E545-E555 (2002) 
INTERPRET THE DATA 


1. To see patterns in the data from a time-course experiment like 
this, it is helpful to graph the data. First, determine which set of 


Effects of Local Conditions on Enzyme Activity 


The activity of an enzyme—how efficiently the enzyme 
functions—is affected by general environmental factors, 
such as temperature and pH. It can also be affected by 
chemicals that specifically influence that enzyme. In fact, 
researchers have learned much about enzyme function by 
employing such chemicals. 


Effects of Temperature and pH 


Recall from Figure 5.20 that the three-dimensional struc- 
tures of proteins are sensitive to their environment. As a 
consequence, each enzyme works better under some condi- 
tions than under other conditions, because these optimal 
conditions favor the most active shape for the enzyme. 


data goes on each axis. (a) What did the researchers intentionally 
vary in the experiment? This is the independent variable, which 
goes on the x-axis. (b) What are the units (abbreviated) for the 
independent variable? Explain in words what the abbreviation 
stands for. (c) What was measured by the researchers? This is the 
dependent variable, which goes on the y-axis. (d) What does the 
units abbreviation stand for? Label each axis, including the units. 

2. Next, you'll want to mark off the axes with just enough evenly 
spaced tick marks to accommodate the full set of data. Determine 
the range of data values for each axis. (a) What is the largest 
value to go on the x-axis? What is a reasonable spacing for the 
tick marks, and what should be the highest one? (b) What is the 
largest value to go on the y-axis? What is a reasonable spacing for 
the tick marks, and what should be the highest one? 

3. Plot the data points on your graph. Match each x-value with 
its partner y-value and place a point on the graph at that coor- 
dinate. Draw a line that connects the points. (For additional 
information about graphs, see the Scientific Skills Review in 
Appendix F.) 

4. Examine your graph and look for patterns in the data. (a) Does 
the concentration of ®) increase evenly through the course of the 
experiment? To answer this question, describe the pattern you see 
in the graph. (b) What part of the graph shows the highest rate 
of enzyme activity? Consider that the rate of enzyme activity is 
related to the slope of the line, Ay/Ax (the “rise” over the “run"), 
in umol/(mL - min), with the steepest slope indicating the high- 
est rate of enzyme activity. Calculate the rate of enzyme activity 
(slope) where the graph is steepest. (c) Can you think of 
a biological explanation for the pattern 
you see? 

5. If your blood sugar level is low from 
skipping lunch, what reaction (dis- 
cussed in this exercise) will occur in 
your liver cells? Write out the reaction 
and put the name of the enzyme over 
the reaction arrow. How will this reac- 
tion affect your blood sugar level? 


Instructors: A version of this 
Scientific Skills Exercise can be 
assigned in MasteringBiology. 


Temperature and pH are environmental factors impor- 
tant in the activity of an enzyme. Up to a point, the rate of 
an enzymatic reaction increases with increasing tempera- 
ture, partly because substrates collide with active sites more 
frequently when the molecules move rapidly. Above that 
temperature, however, the speed of the enzymatic reaction 
drops sharply. The thermal agitation of the enzyme molecule 
disrupts the hydrogen bonds, ionic bonds, and other weak 
interactions that stabilize the active shape of the enzyme, and 
the protein molecule eventually denatures. Each enzyme has 
an optimal temperature at which its reaction rate is greatest. 
Without denaturing the enzyme, this temperature allows the 
greatest number of molecular collisions and the fastest con- 
version of the reactants to product molecules. Most human 
enzymes have optimal temperatures of about 35-40°C 
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(close to human body temperature). The thermophilic bac- 
teria that live in hot springs contain enzymes with optimal 
temperatures of 70°C or higher (Figure 8.17a). 

Just as each enzyme has an optimal temperature, it also has 
a pH at which it is most active. The optimal pH values for most 


V Figure 8.17 Environmental factors affecting enzyme 
activity. Each enzyme has an optimal (a) temperature and (b) pH 
that favor the most active shape of the protein molecule. 


Optimal temperature for Optimal temperature for 
typical human enzyme (37°C) enzyme of thermophilic 
(heat-loving) 
bacteria (75°C) 


Rate of reaction —> 
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(a) The photo shows thermophilic cyanobacteria (green) thriving in 
the hot water of a Nevada geyser. The graph compares the 
optimal temperatures for an enzyme from the thermophilic 
bacterium Thermus oshimai (75°C) and human enzymes (body 
temperature, 37°C). 


T T 
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Pepsin (stomach 
enzyme) 


Trypsin (intestinal 
enzyme) 


Rate of reaction —> 


0 1 2 3 4 S 6 Ti 8 9 10 
pH 
(b) This graph shows the rate of reaction for two digestive 
enzymes over a range of pH values. 


INTERPRET THE DATA > Looking at the graph in (b), what is the optimal 
pH for pepsin activity? Explain why natural selection might have resulted in 
the optimal pH for pepsin, a stomach enzyme (see Figure 3.11). What is the 
optimal pH for trypsin? 
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enzymes fall in the range of pH 6-8, but there are exceptions. 
For example, pepsin, a digestive enzyme in the human stom- 
ach, works best at a very low pH. Such an acidic environment 
denatures most enzymes, but pepsin is adapted to maintain its 
functional three-dimensional structure in the acidic environ- 
ment of the stomach. In contrast, trypsin, a digestive enzyme 
residing in the more alkaline environment of the human 
intestine would be denatured in the stomach (Figure 8.17b). 


Cofactors 


Many enzymes require nonprotein helpers for catalytic 
activity, often for chemical processes like electron trans- 
fers that cannot easily be carried out by the amino acids in 
proteins. These adjuncts, called cofactors, may be bound 
tightly to the enzyme as permanent residents, or they may 
bind loosely and reversibly along with the substrate. The 
cofactors of some enzymes are inorganic, such as the metal 
atoms zinc, iron, and copper in ionic form. If the cofactor 
is an organic molecule, it is referred to, more specifically, 
as a coenzyme. Most vitamins are important in nutrition 
because they act as coenzymes or raw materials from which 
coenzymes are made. 


Enzyme Inhibitors 


Certain chemicals selectively inhibit the action of specific 
enzymes. Sometimes the inhibitor attaches to the enzyme 
by covalent bonds, in which case the inhibition is usually 
irreversible. Many enzyme inhibitors, however, bind to the 
enzyme by weak interactions, and when this occurs the 
inhibition is reversible. Some reversible inhibitors resemble 
the normal substrate molecule and compete for admission 
into the active site (Figure 8.18a and b). These mimics, 
called competitive inhibitors, reduce the productivity of 
enzymes by blocking substrates from entering active sites. 
This kind of inhibition can be overcome by increasing the 
concentration of substrate so that as active sites become 
available, more substrate molecules than inhibitor mol- 
ecules are around to gain entry to the sites. 

In contrast, noncompetitive inhibitors do not directly 
compete with the substrate to bind to the enzyme at the 
active site (Figure 8.18c). Instead, they impede enzymatic 
reactions by binding to another part of the enzyme. This 
interaction causes the enzyme molecule to change its shape 
in such a way that the active site becomes much less effective 
at catalyzing the conversion of substrate to product. 

Toxins and poisons are often irreversible enzyme inhibi- 
tors. An example is sarin, a nerve gas. In the mid-1990s, terror- 
ists released sarin in the Tokyo subway, killing several people 
and injuring many others. This small molecule binds cova- 
lently to the R group on the amino acid serine, which is found 
in the active site of acetylcholinesterase, an enzyme important 
in the nervous system. Other examples include the pesticides 
DDT and parathion, inhibitors of key enzymes in the nervous 
system. Finally, many antibiotics are inhibitors of specific 


V Figure 8.18 Inhibition of enzyme activity. 
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Noncompetitive Inhibition 


enzymes in bacteria. For instance, penicillin blocks the active 
site of an enzyme that many bacteria use to make cell walls. 
Citing enzyme inhibitors that are metabolic poisons may 
give the impression that enzyme inhibition is generally 
abnormal and harmful. In fact, molecules naturally present in 
the cell often regulate enzyme activity by acting as inhibitors. 
Such regulation—selective inhibition—is essential to the con- 
trol of cellular metabolism, as we will discuss in Concept 8.5. 


The Evolution of Enzymes 


Thus far, biochemists have identified more 
than 4,000 different enzymes in various species, most likely a 
very small fraction of all enzymes. How did this grand profu- 
sion of enzymes arise? Recall that most enzymes are proteins, 
and proteins are encoded by genes. A permanent change 

in a gene, known as a mutation, can result in a protein with 
one or more changed amino acids. In the case of an enzyme, 
if the changed amino acids are in the active site or some 
other crucial region, the altered enzyme might have a novel 
activity or might bind to a different substrate. Under envi- 
ronmental conditions where the new function benefits the 
organism, natural selection would tend to favor the mutated 
form of the gene, causing it to persist in the population. 


V Figure 8.19 Mimicking evolution of an enzyme with 

a new function. Researchers tested whether the function of an 
enzyme called B-galactosidase, which breaks down the sugar lactose, 
could change over time in populations of the bacterium Escherichia coli. 
After seven rounds of mutation and selection in the lab, B-galactosidase 
evolved into an enzyme specialized for breaking down a sugar other 
than lactose. This ribbon model shows one subunit of the altered 
enzyme; six amino acids were different. 


Two changed amino acids were 


Active site 
found near the active site. 


Two changed amino acids 
were found on the surface. 


Two changed amino acids 
were found in the active site. 


This simplified model is generally accepted as the main way in 
which the multitude of different enzymes arose over the past 
few billion years of life’s history. Data supporting this model 
have been collected by researchers using a lab procedure that 
mimics evolution in natural populations (Figure 8.19). 


CONCEPT CHECK 8.4 0002 — ———— 
1. Many spontaneous reactions occur very slowly. Why 
don’t all spontaneous reactions occur instantly? 
2. Why do enzymes act only on very specific substrates? 


3. WHAT IF? > Malonate is an inhibitor of the enzyme succi- 
nate dehydrogenase. How would you determine whether 
malonate is a competitive or noncompetitive inhibitor? 

4. DRAW IT > A mature lysosome has an internal pH of 
around 4.5. Using Figure 8.17b as a guide, draw a graph 
showing what you would predict for the rate of reaction 
for a lysosomal enzyme. Label its optimal pH, assuming 
its optimal pH matches its environment. 


For suggested answers, see Appendix A. 


CONCEPT 8.5 


Regulation of enzyme activity 
helps control metabolism 


Chemical chaos would result if all of a cell’s metabolic pathways 
were operating simultaneously. Intrinsic to life’s processes is a 
cell’s ability to tightly regulate its metabolic pathways by con- 
trolling when and where its various enzymes are active. It does 
this either by switching on and off the genes that encode spe- 
cific enzymes (as we will discuss in Unit Three) or, as we discuss 
here, by regulating the activity of enzymes once they are made. 
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Allosteric Regulation of Enzymes 


In many cases, the molecules that naturally regulate enzyme 
activity in a cell behave something like reversible noncompet- 
itive inhibitors (see Figure 8.18c): These regulatory molecules 
change an enzyme’s shape and the functioning of its active 
site by binding to a site elsewhere on the molecule, via nonco- 
valent interactions. Allosteric regulation is the term used 
to describe any case in which a protein’s function at one site is 
affected by the binding of a regulatory molecule to a separate 
site. It may result in either inhibition or stimulation of an 
enzyme’s activity. 


Allosteric Activation and Inhibition 


Most enzymes known to be allosterically regulated are con- 
structed from two or more subunits, each composed of a 
polypeptide chain with its own active site. The entire complex 
oscillates between two different shapes, one catalytically active 
and the other inactive (Figure 8.20a). In the simplest kind 

of allosteric regulation, an activating or inhibiting regulatory 
molecule binds to a regulatory site (sometimes called an alloste- 
tic site), often located where subunits join. The binding of an 
activator to a regulatory site stabilizes the shape that has func- 
tional active sites, whereas the binding of an inhibitor stabilizes 
the inactive form of the enzyme. The subunits of an allosteric 
enzyme fit together in such a way that a shape change in one 
subunit is transmitted to all others. Through this interaction of 
subunits, a single activator or inhibitor molecule that binds to 
one regulatory site will affect the active sites of all subunits. 

Fluctuating concentrations of regulators can cause a sophis- 
ticated pattern of response in the activity of cellular enzymes. 
The products of ATP hydrolysis (ADP and ®)), for example, play 
a complex role in balancing the flow of traffic between anabolic 
and catabolic pathways by their effects on key enzymes. ATP 
binds to several catabolic enzymes allosterically, lowering their 
affinity for substrate and thus inhibiting their activity. ADP, 
however, functions as an activator of the same enzymes. This 
is logical because catabolism functions in regenerating ATP. If 
ATP production lags behind its use, ADP accumulates and acti- 
vates the enzymes that speed up catabolism, producing more 
ATP. If the supply of ATP exceeds demand, then catabolism 
slows down as ATP molecules accumulate and bind to the same 
enzymes, inhibiting them. (You'll see specific examples of this 
type of regulation when you learn about cellular respiration 
in the next chapter; see, for example, Figure 9.20.) ATP, ADP, 
and other related molecules also affect key enzymes in anabolic 
pathways. In this way, allosteric enzymes control the rates of 
important reactions in both sorts of metabolic pathways. 

In another kind of allosteric activation, a substrate mol- 
ecule binding to one active site in a multisubunit enzyme 
triggers a shape change in all the subunits, thereby increas- 
ing catalytic activity at the other active sites (Figure 8.20b). 
Called cooperativity, this mechanism amplifies the 
response of enzymes to substrates: One substrate molecule 


160 UNITTwo The Cell 


V Figure 8.20 Allosteric regulation of enzyme activity. 
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At low concentrations, activators and inhibitors dissociate from the 
enzyme. The enzyme can then oscillate again. 


| (b) Cooperativity: another type of allosteric activation 


Binding of one substrate molecule to 
active site of one subunit locks all 
subunits in active conformation. 


Substrate 


Stabilized active form 


Inactive form 


The inactive form shown on the left oscillates with the active form 
when the active form is not stabilized by substrate. 


primes an enzyme to act on additional substrate molecules 
more readily. Cooperativity is considered allosteric regula- 
tion because, even though substrate is binding to an active 
site, its binding affects catalysis in another active site. 
Although hemoglobin is not an enzyme (it carries O, rather 
than catalyzing a reaction), classic studies of hemoglobin 
have elucidated the principle of cooperativity. Hemoglobin is 
made up of four subunits, each with an oxygen-binding site 
(see Figure 5.18). The binding of an oxygen molecule to one 


binding site increases the affinity for oxygen of the remaining 
binding sites. Thus, where oxygen is at high levels, such as in 
the lungs or gills, hemoglobin’s affinity for oxygen increases as 
more binding sites are filled. In oxygen-deprived tissues, how- 
ever, the release of each oxygen molecule decreases the oxygen 
affinity of the other binding sites, resulting in the release of 
oxygen where it is most needed. Cooperativity works similarly 
in multisubunit enzymes that have been studied. 


Feedback Inhibition 


Earlier, we discussed the allosteric inhibition of an enzyme in 
an ATP-generating pathway by ATP itself. This isa common 
mode of metabolic control, called feedback inhibition, in 
which a metabolic pathway is halted by the inhibitory bind- 
ing of its end product to an enzyme that acts early in the path- 
way. Figure 8.21 shows an example of feedback inhibition 
operating on an anabolic pathway. Some cells use this five- 
step pathway to synthesize the amino acid isoleucine from 
threonine, another amino acid. As isoleucine accumulates, it 
slows down its own synthesis by allosterically inhibiting the 
enzyme for the first step of the pathway. Feedback inhibition 
thereby prevents the cell from making more isoleucine than is 
necessary and thus wasting chemical resources. 


Y Figure 8.21 Feedback inhibition in isoleucine synthesis. 
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Y Figure 8.22 Organelles and structural order in metabolism. 
Organelles such as the mitochondrion (TEM) contain enzymes that carry 
out specific functions, in this case the second and third stages of cellular 
respiration. 


The matrix contains 

enzymes in solution that 
are involved in the second 
stage of cellular respiration. 


Enzymes for the third 
stage of cellular 
respiration are 
embedded in the 
inner membrane. 
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Localization of Enzymes Within the Cell 


The cell is not just a bag of chemicals with thousands of dif- 
ferent kinds of enzymes and substrates in a random mix. 
The cell is compartmentalized, and cellular structures help 
bring order to metabolic pathways. In some cases, a team of 
enzymes for several steps of a metabolic pathway are assem- 
bled into a multienzyme complex. The arrangement facilitates 
the sequence of reactions, with the product from the first 
enzyme becoming the substrate for an adjacent enzyme in the 
complex, and so on, until the end product is released. Some 
enzymes and enzyme complexes have fixed locations within 
the cell and act as structural components of particular mem- 
branes. Others are in solution within particular membrane- 
enclosed eukaryotic organelles, each with its own internal 
chemical environment. For example, in eukaryotic cells, the 
enzymes for the second and third stages of cellular respiration 
reside in specific locations within mitochondria (Figure 8.22). 
In this chapter, you have learned about the laws of thermo- 
dynamics that govern metabolism, the intersecting set of 
chemical pathways characteristic of life. We have explored 
the bioenergetics of breaking down and building up biological 
molecules. To continue the theme of bioenergetics, we will 
next examine cellular respiration, the major catabolic path- 
way that breaks down organic molecules and releases energy 
that can be used for the crucial processes of life. 


CONCEPT CHECK 8.5 


1. How do an activator and an inhibitor have different 
effects on an allosterically regulated enzyme? 


2. WHAT IF? > Regulation of isoleucine synthesis is an 
example of feedback inhibition of an anabolic pathway. 
With that in mind, explain how ATP might be involved 
in feedback inhibition of a catabolic pathway. 


For suggested answers, see Appendix A. 
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8 Chapter Review 


CONCEPT 8.400 
An organism's metabolism transforms 
matter and energy, subject to the 

laws of thermodynamics (pp. 144-147) 


goo.al/6uS5ks: 


= Metabolism is the collection of chemical reactions 
that occur in an organism. Enzymes catalyze reactions 
in intersecting metabolic pathways, which may be catabolic 
(breaking down molecules, releasing energy) or anabolic (building 
molecules, consuming energy). Bioenergetics is the study of the 
flow of energy through living organisms. 

» Energy is the capacity to cause change; some forms of energy 
do work by moving matter. Kinetic energy is associated with 
motion and includes thermal energy associated with random 
motion of atoms or molecules. Heat is thermal energy in transfer 
from one object to another. Potential energy is related to the 
location or structure of matter and includes chemical energy 
possessed by a molecule due to its structure. 

` The first law of thermodynamics, conservation of energy, 
states that energy cannot be created or destroyed, only transferred 
or transformed. The second law of thermodynamics states 
that spontaneous processes, those requiring no outside input 
of energy, increase the entropy (molecular disorder) of the 
universe. 


Explain how the highly ordered structure of a cell does not conflict with 
the second law of thermodynamics. 


CONCEPT 8.2 


The free-energy change of a reaction tells 
us whether or not the reaction occurs 
spontaneously (pp. 147-150) 


3 A living system’s free energy is energy that can do work under 
cellular conditions. The change in free energy (AG) during a bio- 
logical process is related directly to enthalpy change (AH) and 
to the change in entropy (AS): AG = AH — TAS. Organisms live at 
the expense of free energy. A spontaneous process occurs with 
no energy input; during such a process, free energy decreases 
and the stability of a system increases. At maximum stability, 
the system is at equilibrium and can do no work. 

In an exergonic (spontaneous) chemical reaction, the products 
have less free energy than the reactants (-AG). Endergonic 
(nonspontaneous) reactions require an input of energy (+AG). 
The addition of starting materials and the removal of end prod- 
ucts prevent metabolism from reaching equilibrium. 


e Explain the meaning of each component in the equation for the 
change in free energy of a spontaneous chemical reaction. Why are 
spontaneous reactions important in the metabolism of a cell? 


CONCEPT 8.3 


ATP powers cellular work by coupling exergonic 
reactions to endergonic reactions (pp. 150-153) 


= ATP is the cell’s energy shuttle. Hydrolysis of its terminal phos- 
phate yields ADP and ®, and releases free energy. 
Through energy coupling, the exergonic process of ATP hydro- 
lysis drives endergonic reactions by transfer of a phosphate group 
to specific reactants, forming a phosphorylated intermediate 
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that is more reactive. ATP hydrolysis (sometimes with protein 
phosphorylation) also causes changes in the shape and binding 
affinities of transport and motor proteins. 

Catabolic pathways drive regeneration of ATP from ADP + ®),. 


(?) Describe the ATP cycle: How is ATP used and regenerated in a cell? 


CONCEPT 8.4 
Enzymes speed up metabolic reactions 
by lowering energy barriers (pp. 153-159) 
In a chemical reaction, the energy necessary to break the bonds 


of the reactants is the activation energy, E,. 
Enzymes lower the E, barrier: 


Course of: 


reaction Ep 

without without 

enzyme enzyme E, with 

enzyme 
f is lower 
a Reactants 
z 
5 Course of AG is unaffected 
g reaction by enzy 
tS with enzyme 
Products 


Progress of the reaction ——> 


= Each enzyme has a unique active site that binds one or more 
substrate(s), the reactants on which it acts. It then changes 
shape, binding the substrate(s) more tightly (induced fit). 
The active site can lower an E, barrier by orienting substrates 
correctly, straining their bonds, providing a favorable micro- 
environment, or even covalently bonding with the substrate. 

= Each enzyme has an optimal temperature and pH. Inhibitors 
reduce enzyme function. A competitive inhibitor binds to 
the active site, whereas a noncompetitive inhibitor binds 
to a different site on the enzyme. 
Natural selection, acting on organisms with variant enzymes, 
is responsible for the diversity of enzymes found in organisms. 


(7) How do both activation energy barriers and enzymes help maintain the 
structural and metabolic order of life? 


CONCEPT 8.5 


Regulation of enzyme activity helps control 
metabolism (pp. 159-161) 


Many enzymes are subject to allosteric regulation: Regulatory 
molecules, either activators or inhibitors, bind to specific regula- 
tory sites, affecting the shape and function of the enzyme. In 
cooperativity, binding of one substrate molecule can stimulate 
binding or activity at other active sites. In feedback inhibition, 
the end product of a metabolic pathway allosterically inhibits the 
enzyme for a previous step in the pathway. 

Some enzymes are grouped into complexes, some are incorporated 
into membranes, and some are contained inside organelles, increas- 
ing the efficiency of metabolic processes. 


What roles do allosteric regulation and feedback inhibition play in the 
metabolism of a cell? 


TEST 


UR UNDERSTANDING 
Level 1: Knowledge/Comprehension == 


1. Choose the pair of terms that correctly completes 


this sentence: Catabolism is to anabolism as E] T 
Bto z PRACTICE 
(A) exergonic; spontaneous TEST 


(B) exergonic; endergonic PoE. 


(C) free energy; entropy 
(D) work; energy 
2. Most cells cannot harness heat to perform work because 
(A) heat does not involve a transfer of energy. 
(B) cells do not have much thermal energy; they are relatively 
cool. 
(C) temperature is usually uniform throughout a cell. 
(D) heat can never be used to do work. 


3. Which of the following metabolic processes can occur without 
anet influx of energy from some other process? 
(A) ADP +@, > ATP+H,0 
(B) C,H,,.0,+6 O, > 6 CO, +6 H,O 
(C) 6 CO, +6 H,O > C,H,,0,+ 6 Oz 
(D) Amino acids — Protein 
4. Ifan enzyme in solution is saturated with substrate, the most 
effective way to obtain a faster yield of products is to 
(A) add more of the enzyme. 
(B) heat the solution to 90°C. 
(C) add more substrate. 
(D) add a noncompetitive inhibitor. 
5. Some bacteria are metabolically active in hot springs because 
(A) they are able to maintain a lower internal temperature. 
(B) high temperatures make catalysis unnecessary. 
(C) their enzymes have high optimal temperatures. 
(D) their enzymes are completely insensitive to temperature. 


Level 2: Application/Analysis 


6. Ifan enzyme is added to a solution where its substrate and 
product are in equilibrium, what will occur? 
(A) Additional substrate will be formed. 
(B) The reaction will change from endergonic to exergonic. 
(C) The free energy of the system will change. 
(D) Nothing; the reaction will stay at equilibrium. 


Level 3: Synthesis/Evaluation 


7. DRAW IT Using a series of arrows, draw the branched metabolic 
reaction pathway described by the following statements, and 
then answer the question at the end. Use red arrows and minus 
signs to indicate inhibition. 

L can form either M or N. 

M can form O. 

O can form either P or R. 

P can form Q. 

R can form S. 

O inhibits the reaction of L to form M. 
Q inhibits the reaction of O to form P. 
S inhibits the reaction of O to form R. 
Which reaction would prevail if both Q and S were present in 
the cell in high concentrations? 

(A) LOM 

(B) M@>O 

(C) L>N 

(DOr 


8. EVOLUTION CONNECTION Some people argue that 
biochemical pathways are too complex to have evolved 
because all intermediate steps in a given pathway must be 
present to produce the final product. Critique this argument. 
How could you use the diversity of metabolic pathways 
that produce the same or similar products to support 
your case? 


9. SCIENTIFIC INQUIRY * DRAW IT A researcher has developed 
an assay to measure the activity of an important enzyme 
present in pancreatic cells growing in culture. She adds the 
enzyme’s substrate to a dish of cells and then measures the 
appearance of reaction products. The results are graphed as the 
amount of product on the y-axis versus time on the x-axis. The 
researcher notes four sections of the graph. For a short period 
of time, no products appear (section A). Then (section B) the 
reaction rate is quite high (the slope of the line is steep). Next, 
the reaction gradually slows down (section C). Finally, the 
graph line becomes flat (section D). Draw and label the graph, 
and propose a model to explain the molecular events occurring 
at each stage of this reaction profile. 


10. WRITE ABOUT A THEME: ENERGY AND MATTER Life 
requires energy. In a short essay (100-150 words), describe 
the basic principles of bioenergetics in an animal cell. 
How is the flow and transformation of energy different in 
a photosynthesizing cell? Include the role of ATP and 
enzymes in your discussion. 


. SYNTHESIZE YOUR KNOWLEDGE 


Explain what is happening in this photo in terms of kinetic 
energy and potential energy. Include the energy conversions 
that occur when the penguins eat fish and climb back up 

on the glacier. Describe the role of ATP and enzymes in the 
underlying molecular processes, including what happens to 
the free energy of some of the molecules involved. 


For selected answers, see Appendix A. 
For additional practice questions, check out the Dynamic Study 


Modules in MasteringBiology. You can use them to study on 
your smartphone, tablet, or computer anytime, anywhere! 
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Cellular Respiration 
and Fermentation 


A Figure 9.1 How does food, like the sand eels captured by this puffin, power the work of life? 


KEY CONCEPTS Life Is Work 


Living cells require transfusions of energy 

from outside sources to perform their many 
tasks—for example, assembling polymers, pump- 
ing substances across membranes, moving, and 
reproducing. The puffin in Figure 9.1 obtains energy for 
its cells by feeding upon sand eels and other aquatic organisms; many other animals 
the citric acid cycle completes obtain energy by feeding on photosynthetic organisms such as plants and algae. 

the energy-yielding oxidation The energy stored in the organic molecules of food ultimately comes from the 
of organic molecules sun. Energy flows into an ecosystem as sunlight and exits as heat; in contrast, the 
chemical elements essential to life are recycled (Figure 9.2). Photosynthesis gener- 
ates oxygen, as well as organic molecules used by the mitochondria of eukaryotes 
as fuel for cellular respiration. Respiration breaks this fuel down, using oxygen and 
generating ATP. The waste products of this type of respiration, carbon dioxide and 
water, are the raw materials for photosynthesis. 

In this chapter, we consider how cells harvest the chemical energy stored in 
organic molecules and use it to generate ATP, the molecule that drives most cellular 
work. After presenting some basic information about respiration, we’ll focus on 
three key pathways of respiration: glycolysis, pyruvate oxidation and the citric acid 


9.1  Catabolic pathways yield energy 
by oxidizing organic fuels 

9.2 Glycolysis harvests chemical 
energy by oxidizing glucose 
to pyruvate 


9.3 After pyruvate is oxidized, 


9.4 During oxidative phosphorylation, 
chemiosmosis couples electron 
transport to ATP synthesis 


9.5 Fermentation and anaerobic 
respiration enable cells to produce 
ATP without the use of oxygen 


9.6 Glycolysis and the citric acid cycle 
connect to many other metabolic 


pathways 
cycle, and oxidative phosphorylation. We’ll also consider fermentation, a some- 
what simpler pathway coupled to glycolysis that has deep evolutionary roots. 
A BioFlix® Animation: Introduction When you see this blue icon, log in to MasteringBiology > í 
to Cellular Respiration and go to the Study Area for digital resources. Gat Ready for This Chaptar 
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V Figure 9.2 Energy flow and chemical recycling in ecosystems. 


Energy flows into an ecosystem as sunlight and ultimately leaves as heat, 
while the chemical elements essential to life are recycled 
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CONCEPT 9.1 


Catabolic pathways yield energy 
by oxidizing organic fuels 


Metabolic pathways that release stored energy by breaking 
down complex molecules are called catabolic pathways (see 
Concept 8.1). Transfer of electrons from fuel molecules (like 
glucose) to other molecules plays a major role in these path- 
ways. In this section, we consider these processes, which are 
central to cellular respiration. 


Catabolic Pathways and Production of ATP 


Organic compounds possess potential energy as a result of 
the arrangement of electrons in the bonds between their 
atoms. Compounds that can participate in exergonic reac- 
tions can act as fuels. Through the activity of enzymes, a cell 
systematically degrades complex organic molecules that are 
rich in potential energy to simpler waste products that have 
less energy. Some of the energy taken out of chemical stor- 
age can be used to do work; the rest is dissipated as heat. 
One catabolic process, fermentation, is a partial degrada- 
tion of sugars or other organic fuel that occurs without the 
use of oxygen. However, the most efficient catabolic pathway 
is aerobic respiration, in which oxygen is consumed as a 
reactant along with the organic fuel (aerobic is from the Greek 
aer, air, and bios, life). The cells of most eukaryotic and many 
prokaryotic organisms can carry out aerobic respiration. Some 
prokaryotes use substances other than oxygen as reactants in a 
similar process that harvests chemical energy without oxygen; 


this process is called anaerobic respiration (the prefix an- means 
“without”). Technically, the term cellular respiration 
includes both aerobic and anaerobic processes. However, it 
originated as a synonym for aerobic respiration because of 
the relationship of that process to organismal respiration, in 
which an animal breathes in oxygen. Thus, cellular respiration 
is often used to refer to the aerobic process, a practice we 
follow in most of this chapter. 

Although very different in mechanism, aerobic respira- 
tion is in principle similar to the combustion of gasoline in 
an automobile engine after oxygen is mixed with the fuel 
(hydrocarbons). Food provides the fuel for respiration, and 
the exhaust is carbon dioxide and water. The overall process 
can be summarized as follows: 


Carbon 
dioxide 


Organic 


+ Oxygen > 
compounds y8 


+ Water + Energy 

Carbohydrates, fats, and protein molecules from food can 
all be processed and consumed as fuel, as we will discuss later 
in the chapter. In animal diets, a major source of carbohy- 
drates is starch, a storage polysaccharide that can be broken 
down into glucose (C,H,,O,) subunits. Here, we will learn the 
steps of cellular respiration by tracking the degradation of the 
sugar glucose: 


C,H,,0, + 6 O, + 6 CO, + 6H,O + Energy (ATP + heat) 


This breakdown of glucose is exergonic, having a free-energy 
change of —686 kcal (2,870 kJ) per mole of glucose decomposed 
(AG = —686 kcal/mol). Recall that a negative AG (AG < 0) 
indicates that the products of the chemical process store less 
energy than the reactants and that the reaction can happen 
spontaneously—in other words, without an input of energy. 

Catabolic pathways do not directly move flagella, pump 
solutes across membranes, polymerize monomers, or per- 
form other cellular work. Catabolism is linked to work by a 
chemical drive shaft—ATP (see Concept 8.3). To keep work- 
ing, the cell must regenerate its supply of ATP from ADP and 
Q, (see Figure 8.12). To understand how cellular respiration 
accomplishes this, let’s examine the fundamental chemical 
processes known as oxidation and reduction. 


Redox Reactions: Oxidation and Reduction 


How do the catabolic pathways that decompose glucose 
and other organic fuels yield energy? The answer is based 
on the transfer of electrons during the chemical reactions. 
The relocation of electrons releases energy stored in 
organic molecules, and this energy ultimately is used 

to synthesize ATP. 


The Principle of Redox 


In many chemical reactions, there is a transfer of one or 
more electrons (e) from one reactant to another. These 
electron transfers are called oxidation-reduction reactions, 
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or redox reactions for short. In a redox reaction, the loss 
of electrons from one substance is called oxidation, and 
the addition of electrons to another substance is known as 
reduction. (Note that adding electrons is called reduction; 
adding negatively charged electrons to an atom reduces the 
amount of positive charge of that atom.) 

To take a simple, nonbiological example, consider the 
reaction between the elements sodium (Na) and chlorine (Cl) 
that forms table salt: 

becomes oxidized 
(loses electron) 
Na + 


(gains electron) 


We could generalize a redox reaction this way: 


r~~ becomes oxidized —, 
Xe + Y —> X + w 
L— becomes reduced 


In the generalized reaction, substance Xe’, the electron donor, 
is called the reducing agent; it reduces Y, which accepts the 
donated electron. Substance Y, the electron acceptor, is the 
oxidizing agent; it oxidizes Xe by removing its electron. 
Because an electron transfer requires both an electron donor and 
an acceptor, oxidation and reduction always go hand in hand. 

Not all redox reactions involve the complete transfer of 
electrons from one substance to another; some change the 
degree of electron sharing in covalent bonds. Methane com- 
bustion, shown in Figure 9.3, isan example. The covalent 
electrons in methane are shared nearly equally between the 
bonded atoms because carbon and hydrogen have about the 
same affinity for valence electrons; they are about equally 
electronegative (see Concept 2.3). But when methane reacts 
with oxygen, forming carbon dioxide, electrons end up 
shared less equally between the carbon atom and its new 
covalent partners, the oxygen atoms, which are very electro- 
negative. In effect, the carbon atom has partially “lost” its 
shared electrons; thus, methane has been oxidized. 

Now let’s examine the fate of the reactant O,. The two atoms 
of the oxygen molecule (O,) share their electrons equally. But 
when oxygen reacts with the hydrogen from methane, form- 
ing water, the electrons of the covalent bonds spend more time 
near the oxygen (see Figure 9.3). In effect, each oxygen atom 
has partially “gained” electrons, so the oxygen molecule has 
been reduced. Because oxygen is so electronegative, it is one 
of the most powerful of all oxidizing agents. 

Energy must be added to pull an electron away from an 
atom, just as energy is required to push a ball uphill. The 
more electronegative the atom (the stronger its pull on elec- 
trons), the more energy is required to take an electron away 
from it. An electron loses potential energy when it shifts from 
a less electronegative atom toward a more electronegative 
one, just as a ball loses potential energy when it rolls down- 
hill. A redox reaction that moves electrons closer to oxygen, 
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V Figure 9.3 Methane combustion as an energy-yielding 
redox reaction. The reaction releases energy to the surroundings 
because the electrons lose potential energy when they end up being 
shared unequally, spending more time near electronegative atoms 
such as oxygen. 


Reactants Products 
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CH4 + 20, ——» CO, + Energy + 2 H0 
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© Animation: Redox Reactions 


such as the burning (oxidation) of methane, therefore 
releases chemical energy that can be put to work. 


Oxidation of Organic Fuel Molecules During 
Cellular Respiration 


The oxidation of methane by oxygen is the main combustion 
reaction that occurs at the burner of a gas stove. The com- 
bustion of gasoline in an automobile engine is also a redox 
reaction; the energy released pushes the pistons. But the 
energy-yielding redox process of greatest interest to biologists 
is respiration: the oxidation of glucose and other molecules 
in food. Examine again the summary equation for cellular 
respiration, but this time think of it as a redox process: 


r~ becomes oxidized 


CpHy20, + 60, —> 6CO, + 6H,O + Energy 
L— becomes reduced ——* 


As in the combustion of methane or gasoline, the fuel 
(glucose) is oxidized and oxygen is reduced. The electrons 
lose potential energy along the way, and energy is released. 

In general, organic molecules that have an abundance of 
hydrogen are excellent fuels because their bonds are a source 
of “hilltop” electrons, whose energy may be released as these 
electrons “fall” down an energy gradient during their transfer 
to oxygen. The summary equation for respiration indicates 
that hydrogen is transferred from glucose to oxygen. But the 
important point, not visible in the summary equation, is that 
the energy state of the electron changes as hydrogen (with its 
electron) is transferred to oxygen. In respiration, the oxida- 
tion of glucose transfers electrons to a lower energy state, lib- 
erating energy that becomes available for ATP synthesis. So, 
in general, we see fuels with multiple C—H bonds oxidized 
into products with multiple C—O bonds. 


The main energy-yielding foods—carbohydrates and fats— 
are reservoirs of electrons associated with hydrogen, often in 
the form of C—H bonds. Only the barrier of activation energy 
holds back the flood of electrons to a lower energy state 
(see Figure 8.13). Without this barrier, a food substance like 
glucose would combine almost instantaneously with O}. If 
we supply the activation energy by igniting glucose, it burns 
in air, releasing 686 kcal (2,870 kJ) of heat per mole of glucose 
(about 180 g). Body temperature is not high enough to initi- 
ate burning, of course. Instead, if you swallow some glucose, 
enzymes in your cells will lower the barrier of activation 
energy, allowing the sugar to be oxidized in a series of steps. 


Stepwise Energy Harvest via NAD* 
and the Electron Transport Chain 


If energy is released from a fuel all at once, it cannot be har- 
nessed efficiently for constructive work. For example, if a 
gasoline tank explodes, it cannot drive a car very far. Cellular 
respiration does not oxidize glucose (or any other organic 
fuel) in a single explosive step either. Rather, glucose is broken 
down in a series of steps, each one catalyzed by an enzyme. 
At key steps, electrons are stripped from the glucose. As is 
often the case in oxidation reactions, each electron travels 
with a proton—thus, as a hydrogen atom. The hydrogen 
atoms are not transferred directly to oxygen, but instead are 
usually passed first to an electron carrier, a coenzyme called 
nicotinamide adenine dinucleotide, a derivative of the vita- 
min niacin. This coenzyme is well suited as an electron carrier 
because it can cycle easily between its oxidized form, NAD+, 
and its reduced form, NADH. As an electron acceptor, NAD* 
functions as an oxidizing agent during respiration. 

How does NAD* trap electrons from glucose and the other 
organic molecules in food? Enzymes called dehydrogenases 
remove a pair of hydrogen atoms (2 electrons and 2 protons) 


from the substrate (glucose, in the preceding example), 
thereby oxidizing it. The enzyme delivers the 2 electrons 
along with 1 proton to its coenzyme, NAD*, forming NADH 
(Figure 9.4). The other proton is released as a hydrogen ion 
(H*) into the surrounding solution: 


| Dehydi l 
H-C-OH + NAD* —YSORETASE, C=O + NADH + Ht 
| 1 


By receiving 2 negatively charged electrons but only 1 
positively charged proton, the nicotinamide portion of NAD* 
has its charge neutralized when NAD* is reduced to NADH. 
The name NADH shows the hydrogen that has been received 
in the reaction. NAD‘ is the most versatile electron acceptor 
in cellular respiration and functions in several of the redox 
steps during the breakdown of glucose. 

Electrons lose very little of their potential energy when 
they are transferred from glucose to NAD*. Each NADH 
molecule formed during respiration represents stored energy. 
This energy can be tapped to make ATP when the electrons 
complete their “fall” in a series of steps down an energy 
gradient from NADH to oxygen. 

How do electrons that are extracted from glucose and 
stored as potential energy in NADH finally reach oxygen? 

It will help to compare the redox chemistry of cellular 
respiration to a much simpler reaction: the reaction between 
hydrogen and oxygen to form water (Figure 9.5a). Mix H, 
and O,, provide a spark for activation energy, and the gases 
combine explosively. In fact, combustion of liquid H, and 
O; is harnessed to help power the rocket engines that boost 
satellites into orbit and launch spacecraft. The explosion 
represents a release of energy as the electrons of hydrogen 
“fall” closer to the electronegative oxygen atoms. Cellular 
respiration also brings hydrogen and oxygen together to 
form water, but there are two important differences. First, in 
cellular respiration, the hydrogen that reacts with oxygen 


2e4+2Ht 
2e m N 
Dehydrogenase | 
ie} VISUAL SKILLS > 
Reduction of NAD+ H H Describe the structural 


+ 2[H] 
(from food) 


inamide 
(oxidized form) 


Oxidation of NADH 


differences between 
the oxidized form and 
the reduced form of 
nicotinamide. 


I 
Í J C— NH, + Ht 


N” Nicotinamide 
(reduced form) 


A Figure 9.4 NAD‘ as an electron shuttle. The full name for NAD*, 
nicotinamide adenine dinucleotide, describes its structure—the molecule consists 
of two nucleotides joined together at their phosphate groups (shown in yellow). 
(Nicotinamide is a nitrogenous base, although not one that is present in DNA or 
RNA; see Figure 5.23.) The enzymatic transfer of 2 electrons and 1 proton (H*) 
from an organic molecule in food to NAD* reduces the NAD* to NADH: Most of 


the electrons removed from food are transferred initially to NAD*, forming NADH. 
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is derived from organic molecules rather than H,. Second, 
instead of occurring in one explosive reaction, respiration 
uses an electron transport chain to break the fall of electrons 
to oxygen into several energy-releasing steps (Figure 9.5b). 
An electron transport chain consists of a number of mol- 
ecules, mostly proteins, built into the inner membrane of the 
mitochondria of eukaryotic cells (and the plasma membrane 
of respiring prokaryotes). Electrons removed from glucose 
are shuttled by NADH to the “top,” higher-energy end of the 
chain. At the “bottom,” lower-energy end, O, captures these 
electrons along with hydrogen nuclei (H*), forming water. 
(Anaerobically respiring prokaryotes have an electron accep- 
tor at the end of the chain that is different from O,.) 

Electron transfer from NADH to oxygen is an exergonic 
reaction with a free-energy change of —53 kcal/mol 
(-222 kJ/mol). Instead of this energy being released and 
wasted in a single explosive step, electrons cascade down 
the chain from one carrier molecule to the next in a series 
of redox reactions, losing a small amount of energy with 
each step until they finally reach oxygen, the terminal elec- 
tron acceptor, which has a very great affinity for electrons. 
Each “downhill” carrier is more electronegative than, and 
thus capable of oxidizing, its “uphill” neighbor, with oxy- 
gen at the bottom of the chain. Therefore, the electrons 
transferred from glucose to NAD’, which is thus reduced to 
NADH, fall down an energy gradient in the electron trans- 
port chain to a far more stable location in the electronega- 
tive oxygen atom. Put another way, oxygen pulls electrons 


V Figure 9.5 An introduction to electron transport chains. 


(from food via NADH) 


Free energy, G ———————» 


Free energy, G 


(a) Uncontrolled reaction. 
The one-step exergonic reaction 
of hydrogen with oxygen to 
form water releases a large 
amount of energy in the form 
of heat and light: an explosion. 
released as heat.) 
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synthesis of 


2e y 
a %0, 
s ho 


(b) Cellular respiration. In cellular respiration, the 
same reaction occurs in stages: An electron 
transport chain breaks the “fall” of electrons in this 
reaction into a series of smaller steps and stores 
some of the released energy in a form that can be 
used to make ATP. (The rest of the energy is 


down the chain in an energy-yielding tumble analogous to 
gravity pulling objects downhill. 

In summary, during cellular respiration, most electrons 
travel the following “downhill” route: glucose NADH —> 
electron transport chain — oxygen. Later in this chapter, you 
will learn more about how the cell uses the energy released from 
this exergonic electron fall to regenerate its supply of ATP. For 
now, having covered the basic redox mechanisms of cellular 
respiration, let’s look at the entire process by which energy 
is harvested from organic fuels. 


The Stages of Cellular Respiration: A Preview 


The harvesting of energy from glucose by cellular respiration is 
a cumulative function of three metabolic stages. We list them 
here along with a color-coding scheme we will use throughout 
the chapter to help you keep track of the big picture: 


LA GLYCOLYSIS (color-coded blue throughout the chapter) 
PA PYRUVATE OXIDATION and the CITRIC ACID CYCLE 
(color-coded light orange and dark orange) 


KA OXIDATIVE PHOSPHORYLATIO! lectron transport a 
chemiosmosis (color-coded purple) 


Biochemists usually reserve the term cellular respiration for 
stages 2 and 3 together. In this text, however, we include 
glycolysis as a part of cellular respiration because most 
respiring cells deriving energy from glucose use glycolysis 
to produce the starting material for the citric acid cycle. 

As diagrammed in Figure 9.6, gly- 
colysis and then pyruvate oxidation 
and the citric acid cycle are the catabolic 
pathways that break down glucose and 
other organic fuels. Glycolysis, which 


eos, Controlled occurs in the cytosol, begins the degrada- 
release of tion process by breaking glucose into two 
Aht 2e energy for P y 88 


molecules of a compound called pyruvate. 
In eukaryotes, pyruvate enters the mito- 
chondrion and is oxidized to a compound 
called acetyl CoA, which enters the citric 
acid cycle. There, the breakdown of 
glucose to carbon dioxide is completed. 
(In prokaryotes, these processes take place 
in the cytosol.) Thus, the carbon dioxide 
produced by respiration represents frag- 
ments of oxidized organic molecules. 
Some of the steps of glycolysis and the 
citric acid cycle are redox reactions in 
which dehydrogenases transfer electrons 
from substrates to NAD* or the related 
electron carrier FAD, forming NADH or 
FADH,. (You’ll learn more about FAD 
and FADH, later.) In the third stage of 
respiration, the electron transport chain 


> Figure 9.6 An overview of cellular 
respiration. During glycolysis, each glucose 
molecule is broken down into two molecules 
of pyruvate. In eukaryotic cells, as shown 
here, the pyruvate enters the mitochondrion. 
There it is oxidized to acetyl CoA, which will 
be further oxidized to CO, in the citric acid 
cycle. The electron carriers NADH and FADH, 
transfer electrons derived from glucose to 
electron transport chains. During oxidative 
phosphorylation, electron transport chains 
convert the chemical energy to a form 
used for ATP synthesis in the process called 
chemiosmosis. (During earlier steps of cellular 
respiration, a few molecules of ATP are 
synthesized in a process called substrate-level 
phosphorylation.) To visualize these processes 
in their cellular context, see Figure 6.32. 

© Animation: Overview of Cellular 

SS Respiration 


accepts electrons from NADH or FADH, generated during the 
first two stages and passes these electrons down the chain. 
At the end of the chain, the electrons are combined with 
molecular oxygen and hydrogen ions (H'), forming water (see 
Figure 9.5b). The energy released at each step of the chain is 
stored in a form the mitochondrion (or prokaryotic cell) can 
use to make ATP from ADP. This mode of ATP synthesis is 
called oxidative phosphorylation because it is powered 
by the redox reactions of the electron transport chain. 

In eukaryotic cells, the inner membrane of the mitochon- 
drion is the site of electron transport and another process 
called chemiosmosis, together making up oxidative phosphory- 
lation. (In prokaryotes, these processes take place in the plasma 
membrane.) Oxidative phosphorylation accounts for almost 
90% of the ATP generated by respiration. A smaller amount 
of ATP is formed directly in a few reactions of glycolysis and 
the citric acid cycle by a mechanism called substrate-level 
phosphorylation (Figure 9.7). This mode of ATP synthesis 


Y Figure 9.7 Substrate-level phosphorylation. Some ATP is 
made by direct transfer of a phosphate group from an organic substrate 
to ADP by an enzyme. (For examples in glycolysis, see Figure 9.9, steps 7 
and 10.) 
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MAKE CONNECTIONS > Review Figure 8.9. Do you think the potential energy 
is higher for the reactants or the products in the reaction shown above? Explain. 
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occurs when an enzyme transfers a phosphate group from a 
substrate molecule to ADP, rather than adding an inorganic 
phosphate to ADP as in oxidative phosphorylation. “Substrate 
molecule” here refers to an organic molecule generated as 

an intermediate during the catabolism of glucose. You'll see 
examples of substrate-level phosphorylation later in the 
chapter, in both glycolysis and the citric acid cycle. 

You can think of the whole process this way: When you 
withdraw a relatively large sum of money from an ATM, it is 
not delivered to you in a single bill of larger denomination. 
Instead, a number of smaller-denomination bills are dis- 
pensed that you can spend more easily. This is analogous to 
ATP production during cellular respiration. For each molecule 
of glucose degraded to carbon dioxide and water by respira- 
tion, the cell makes up to about 32 molecules of ATP, each 
with 7.3 kcal/mol of free energy. Respiration cashes in the 
large denomination of energy banked in a single molecule 
of glucose (686 kcal/mol under standard conditions) for 
the small change of many molecules of ATP, which is more 
practical for the cell to spend on its work. 

This preview has introduced you to how glycolysis, the 
citric acid cycle, and oxidative phosphorylation fit into the 
process of cellular respiration. We are now ready to take a 
closer look at each of these three stages of respiration. 


CONCEPT CHECK 9.1 


1. Compare and contrast aerobic and anaerobic respiration, 
including the processes involved. 


2. WHAT IF? > If the following redox reaction occurred, 
which compound would be oxidized? Reduced? 


C4H,O; + NAD* —> C,H,O; + NADH + H* 


For suggested answers, see Appendix A. 
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CONCEPT 9.2000 2 = — 


Glycolysis harvests chemical energy 
by oxidizing glucose to pyruvate 


The word glycolysis means “sugar splitting,” and that is 
exactly what happens during this pathway. Glucose, a 
six-carbon sugar, is split into two three-carbon sugars. These 
smaller sugars are then oxidized and their remaining atoms 
rearranged to form two molecules of pyruvate. (Pyruvate is 
the ionized form of pyruvic acid.) 

As summarized in Figure 9.8, glycolysis can be divided 
into two phases: the energy investment phase and the energy 
payoff phase. During the energy investment phase, the cell 
actually spends ATP. This investment is repaid with inter- 
est during the energy payoff phase, when ATP is produced. 
by substrate-level phosphorylation and NAD“ is reduced to 
NADH by electrons released from the oxidation of glucose. 
The net energy yield from glycolysis, per glucose molecule, 
is 2 ATP plus 2 NADH. The ten steps of the glycolytic pathway 
are shown in Figure 9.9. 

All of the carbon originally present in glucose is 
accounted for in the two molecules of pyruvate; no car- 
bon is released as CO, during glycolysis. Glycolysis occurs 
whether or not O, is present. However, if O, is present, 
the chemical energy stored in pyruvate and NADH can 
be extracted by pyruvate oxidation, the citric acid cycle, 
and oxidative phosphorylation. 


Y Figure 9.9 A 
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V Figure 9.8 The energy input and output of glycolysis. 
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GLYCOLYSIS: Energy Investment Phase 


WHAT IF? > What would happen if you removed the dihydroxyacetone phosphate 
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from ATP to glucose, converted to group from ATP to the molecule into 


making it more 
chemically reactive. 
The charge on the 
phosphate also traps 
the sugar in the cell. 


fructose 
6-phosphate. 
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two different 
three-carbon 
sugars. 


opposite end of the 
sugar, investing a second 
molecule of ATP. This is 
a key step for regulation 
of glycolysis. 


Conversion between DHAP 
and G3P: This reaction 
never reaches equilibrium; 
G3P is used in the next step 
as fast as it forms. 


CONCEPT CHECK 9.2 V Figure 9.10 Oxidation of pyruvate to acetyl CoA, the step 
before the citric acid cycle. Pyruvate is a charged molecule, so in 
eukaryotic cells it must enter the mitochondrion via active transport, 
with the help of a transport protein. Next, a complex of several 
enzymes (the pyruvate dehydrogenase complex) catalyzes the three 
For suggested answers, see Appendix A. numbered steps, which are described in the text. The acetyl group of 
acetyl CoA will enter the citric acid cycle. The CO, molecule will diffuse 
out of the cell. By convention, coenzyme A is abbreviated S-CoA when 


CONCEPT. 93 S it is attached to a molecule, emphasizing the sulfur atom (5). (The gene 


$ encoding the transport protein was finally identified several years ago, 


After pyruvate is oxidized, the citric acid after 40 years of research.) 
cycle completes the energy-yielding 
oxidation of organic molecules 


1. VISUAL SKILLS > During the redox reaction in glycolysis 
(see step 6 in Figure 9.9), which molecule acts as the oxidiz- 
ing agent? The reducing agent? 
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Glycolysis releases less than a quarter of the chemical energy 
in glucose that can be harvested by cells; most of the energy 
remains stockpiled in the two molecules of pyruvate. When 
O, is present, the pyruvate in eukaryotic cells enters a mito- 
chondrion, where the oxidation of glucose is completed. In 
aerobically respiring prokaryotic cells, this process occurs in 
the cytosol. (Later in the chapter, we’ll discuss what happens 
to pyruvate when O; is unavailable or in a prokaryote that 

is unable to use O,.) 


Oxidation of Pyruvate to Acetyl CoA 


Upon entering the mitochondrion via active transport, pyru- 
vate is first converted to a compound called acetyl coenzyme A, 
or acetyl CoA (Figure 9.10). This step, linking glycolysis 
and the citric acid cycle, is carried out by a multienzyme 
complex that catalyzes three reactions: @ Pyruvate’s carboxyl 


BioFlix® Animation: Acetyl CoA 
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group (—COO), already somewhat oxidized and thus carrying 
little chemical energy, is now fully oxidized and given off asa 
molecule of CO,. This is the first step in which CO, is released 
during respiration. @ Next, the remaining two-carbon frag- 
ment is oxidized and the electrons transferred to NAD’, storing 
energy in the form of NADH. © Finally, coenzyme A (CoA), 

a sulfur-containing compound derived from a B vitamin, 

is attached via its sulfur atom to the two-carbon intermediate, 
forming acetyl CoA. Acetyl CoA has a high potential energy, 
which is used to transfer the acetyl group to a molecule in the 
citric acid cycle, a reaction that is therefore highly exergonic. 


The Citric Acid Cycle 


The citric acid cycle functions as a metabolic furnace 
that further oxidizes organic fuel derived from pyru- 
vate. Figure 9.11 summarizes the inputs and outputs as 


Y Figure 9.11 An overview of pyruvate oxidation and the 
citric acid cycle. The inputs and outputs per pyruvate molecule are 
shown. To calculate on a per-glucose basis, multiply by 2, because each 
glucose molecule is split during glycolysis into two pyruvate molecules. 
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pyruvate is broken down to three CO, molecules, includ- 
ing the molecule of CO, released during the conversion 
of pyruvate to acetyl CoA. The cycle generates 1 ATP per 
turn by substrate-level phosphorylation, but most of the 
chemical energy is transferred to NAD* and FAD during 
the redox reactions. The reduced coenzymes, NADH and 
FADH,, shuttle their cargo of high-energy electrons into 
the electron transport chain. The citric acid cycle is also 
called the tricarboxylic acid cycle or the Krebs cycle, the 
latter honoring Hans Krebs, the German-British scientist 
who was largely responsible for working out the pathway 
in the 1930s. 

Now let’s look at the citric acid cycle in more detail. 
The cycle has eight steps, each catalyzed by a specific 
enzyme. You can see in Figure 9.12 that for each turn of 
the citric acid cycle, two carbons (red) enter in the rela- 
tively reduced form of an acetyl group (step @), and two 
different carbons (blue) leave in the completely oxidized 
form of CO, molecules (steps @ and @). The acetyl group 
of acetyl CoA joins the cycle by combining with the com- 
pound oxaloacetate, forming citrate (step @). Citrate 
is the ionized form of citric acid, for which the cycle is 
named. The next seven steps decompose the citrate back 
to oxaloacetate. It is this regeneration of oxaloacetate that 
makes the process a cycle. 

Referring to Figure 9.12, we can tally the energy-rich 
molecules produced by the citric acid cycle. For each 
acetyl group entering the cycle, 3 NAD* are reduced 
to NADH (steps @, @, and @). In step @, electrons 
are transferred not to NAD‘, but to FAD, which accepts 
2 electrons and 2 protons to become FADH,. In many 
animal tissue cells, the reaction in step @ produces a 
guanosine triphosphate (GTP) molecule by substrate-level 
phosphorylation. GTP is a molecule similar to ATP in its 
structure and cellular function. This GIP may be used to 
make an ATP molecule (as shown) or directly power work 
in the cell. In the cells of plants, bacteria, and some ani- 
mal tissues, step @ forms an ATP molecule directly by 
substrate-level phosphorylation. The output from step @ 
represents the only ATP generated during the citric acid 
cycle. Recall that each glucose gives rise to two molecules 
of acetyl CoA that enter the cycle. Because the numbers 
noted earlier are obtained from a single acetyl group enter- 
ing the pathway, the total yield per glucose from the 
citric acid cycle turns out to be 6 NADH, 2 FADH,, and 
the equivalent of 2 ATP. 

Most of the ATP produced by respiration results later, 
from oxidative phosphorylation, when the NADH and 
FADH, produced by the citric acid cycle and earlier steps 
relay the electrons extracted from food to the electron trans- 
port chain. In the process, they supply the necessary energy 
for the phosphorylation of ADP to ATP. We will explore this 
process in the next section. 


V Figure 9.12 A closer look at the citric 
acid cycle. In the chemical structures, red 
type traces the fate of the two carbon atoms 
that enter the cycle via acetyl CoA (step 1), and 
blue type indicates the two carbons that exit 
the cycle as CO, in steps 3 and 4. (The red type 
goes only through step 5 because the succinate 
molecule is symmetrical; the two ends cannot 


@ The substrate 
is oxidized, 
reducing NAD* to 
NADH and 
regenerating 
oxaloacetate. 


@ Addition of 
a water 
molecule 
rearranges 
bonds in the 
substrate. 


Two 
hydrogens are 
transferred to 

FAD, forming 
FADH, and 
oxidizing 
succinate. 
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be distinguished from each other.) Notice that 
the carbon atoms that enter the cycle from 
acetyl CoA do not leave the cycle in the same 
turn. They remain in the cycle, occupying a 
different location in the molecules on their 
next turn, after another acetyl group is added. 
Therefore, the oxaloacetate regenerated at 
step 8 is made up of different carbon atoms 


Acetyl CoA producing citrate. 


CITRIC 
ACID 
CYCLE 


Succinate 


Succinyl 
CoA 


GTP GDP 


ADP 


@ CoA is displaced by a 


each time around. In eukaryotic cells, all the 
citric acid cycle enzymes are located in the 
mitochondrial matrix except for the enzyme 
that catalyzes step 6, which resides in the inner 
mitochondrial membrane. Carboxylic acids are 
represented in their ionized forms, as —COO-, 
because the ionized forms prevail at the pH 
within the mitochondrion. 


@ Acetyl CoA (from 
oxidation of pyruvate) 

| adds its two-carbon acetyl 
group to oxaloacetate, 


O Citrate is 
converted to 
its isomer, 
isocitrate, by 
removal of 
one water 
molecule and 
addition of 
another. 


O lsocitrate 
is oxidized, 
reducing 
NAD* to 
NADH. Then 
the resulting 
compound 
loses a CO, 
molecule. 


Q Another co, 
is lost, and the 
resulting 
compound is 
oxidized, 
reducing NAD+ 
to NADH. 

The remain- 
ing molecule is 
then attached 
to coenzyme A 
by an unstable 
bond. 


phosphate group, which is 
transferred to GDP, forming GTP, 


a molecule with functio! 


ns 


similar to ATP. GTP can also be 
used, as shown, to generate ATP. 
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CONCEPT CHECK 9.3 


1. VISUAL SKILLS > Name the molecules that conserve most 
of the energy from the redox reactions of the citric acid 
cycle (see Figure 9.12). How is this energy converted to a 
form that can be used to make ATP? 


2. What processes in your cells produce the CO, that you 
exhale? 


3. VISUAL SKILLS > The conversions shown in Figure 9.10 
and step 4 of Figure 9.12 are each catalyzed by a large 
multienzyme complex. What similarities are there in the 
reactions that occur in these two cases? 


For suggested answers, see Appendix A. 


CONCEPT 9.4 


During oxidative phosphorylation, 
chemiosmosis couples electron 
transport to ATP synthesis 


Our main objective in this chapter is to learn how cells 
harvest the energy of glucose and other nutrients in food 
to make ATP. But the metabolic components of respira- 
tion we have examined so far, glycolysis and the citric acid 
cycle, produce only 4 ATP molecules per glucose molecule, 
all by substrate-level phosphorylation: 2 net ATP from gly- 
colysis and 2 ATP from the citric acid cycle. At this point, 
molecules of NADH (and FADH,) account for most of the 
energy extracted from each glucose molecule. These elec- 
tron escorts link glycolysis and the citric acid cycle to the 
machinery of oxidative phosphorylation, which uses energy 
released by the electron transport chain to power ATP syn- 
thesis. In this section, you will learn first how the electron 
transport chain works and then how electron flow down 
the chain is coupled to ATP synthesis. 


The Pathway of Electron Transport 


The electron transport chain is a collection of molecules 
embedded in the inner membrane of the mitochondrion in 
eukaryotic cells. (In prokaryotes, these molecules reside in 
the plasma membrane.) The folding of the inner membrane 
to form cristae increases its surface area, providing space 
for thousands of copies of each component of the electron 
transport chain in a mitochondrion. The infolded mem- 
brane with its concentration of electron carrier molecules is 
well-suited for the series of sequential redox reactions that 
take place along the electron transport chain. Most compo- 
nents of the chain are proteins, which exist in multiprotein 
complexes numbered | through IV. Tightly bound to these 
proteins are prosthetic groups, nonprotein components such 
as cofactors and coenzymes essential for the catalytic func- 
tions of certain enzymes. 

Figure 9.13 shows the sequence of electron carriers in the 
electron transport chain and the drop in free energy as elec- 
trons travel down the chain. During this electron transport, 


174 UNIT TWO The Cell 


V Figure 9.13 Free-energy change during electron transport. 
The overall energy drop (AG) for electrons traveling from NADH to 
oxygen is 53 kcal/mol, but this “fall” is broken up into a series of smaller 
steps by the electron transport chain. (An oxygen atom is represented 
here as '/ O, to emphasize that the electron transport chain reduces 
molecular oxygen, O,, not individual oxygen atoms.) 
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electron carriers alternate between reduced and oxidized 
states as they accept and then donate electrons. Each compo- 
nent of the chain becomes reduced when it accepts electrons 
from its “uphill” neighbor, which has a lower affinity for elec- 
trons (in other words, is less electronegative). It then returns 
to its oxidized form as it passes electrons to its “downhill,” 
more electronegative neighbor. 

Now let’s take a closer look at the electrons as they drop in 
energy level, passing through the components of the electron 
transport chain in Figure 9.13. We'll first describe the passage 


of electrons through complex I in some detail as an illustra- 
tion of the general principles involved in electron transport. 
Electrons acquired from glucose by NAD* during glycolysis and 
the citric acid cycle are transferred from NADH to the first mole- 
cule of the electron transport chain in complex I. This molecule 
is a flavoprotein, so named because it has a prosthetic group 
called flavin mononucleotide (FMN). In the next redox reac- 
tion, the flavoprotein returns to its oxidized form as it passes 
electrons to an iron-sulfur protein (Fe-S in complex I), one of a 
family of proteins with both iron and sulfur tightly bound. The 
iron-sulfur protein then passes the electrons to a compound 
called ubiquinone (Q in Figure 9.13). This electron carrier is a 
small hydrophobic molecule, the only member of the electron. 
transport chain that is not a protein. Ubiquinone is individually 
mobile within the membrane rather than residing in a particu- 
lar complex. (Another name for ubiquinone is coenzyme Q, or 
CoQ; you may have seen it sold as a nutritional supplement.) 

Most of the remaining electron carriers between ubiquinone 
and oxygen are proteins called cytochromes. Their prosthetic 
group, called a heme group, has an iron atom that accepts and 
donates electrons. (The heme group in a cytochrome is similar 
to the heme group in hemoglobin, the protein of red blood 
cells, except that the iron in hemoglobin carries oxygen, not 
electrons.) The electron transport chain has several types of 
cytochromes, each named “cyt” with a letter and number to 
distinguish it as a different protein with a slightly different 
electron-carrying heme group. The last cytochrome of the 
chain, Cyt a3, passes its electrons to oxygen, which is very elec- 
tronegative. Each oxygen atom also picks up a pair of hydrogen 
ions (protons) from the aqueous solution, neutralizing the —2 
charge of the added electrons and forming water. 

Another source of electrons for the electron transport 
chain is FADH,, the other reduced product of the citric acid 
cycle. Notice in Figure 9.13 that FADH, adds its electrons 
from within complex II, at a lower energy level than NADH 
does. Consequently, although NADH and FADH, each donate 
an equivalent number of electrons (2) for oxygen reduction, 
the electron transport chain provides about one-third less 
energy for ATP synthesis when the electron donor is FADH, 
rather than NADH. We’ll see why in the next section. 

The electron transport chain makes no ATP directly. 
Instead, it eases the fall of electrons from food to oxygen, 
breaking a large free-energy drop into a series of smaller steps 
that release energy in manageable amounts, step by step. 
How does the mitochondrion (or the plasma membrane 
in prokaryotes) couple this electron transport and energy 
release to ATP synthesis? The answer is a mechanism called 
chemiosmosis. 


Chemiosmosis: The Energy-Coupling 
Mechanism 


Populating the inner membrane of the mitochondrion or the 
prokaryotic plasma membrane are many copies of a protein 


V Figure 9.14 ATP synthase, a molecular mill. Multiple ATP 
synthases reside in eukaryotic mitochondrial and chloroplast membranes 
and in prokaryotic plasma membranes. 
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BioFlix® Animation: ATP Synthase 
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complex called ATP synthase, the enzyme that makes ATP 
from ADP and inorganic phosphate (Figure 9.14). ATP syn- 
thase works like an ion pump running in reverse. Ion pumps 
usually use ATP as an energy source to transport ions against 
their gradients. Enzymes can catalyze a reaction in either 
direction, depending on the AG for the reaction, which is 
affected by the local concentrations of reactants and products 
(see Concepts 8.2 and 8.3). Rather than hydrolyzing ATP to 
pump protons against their concentration gradient, under the 
conditions of cellular respiration ATP synthase uses the energy 
of an existing ion gradient to power ATP synthesis. The power 
source for ATP synthase is a difference in the concentration of 
H* on opposite sides of the inner mitochondrial membrane. 
This process, in which energy stored in the form of a hydrogen 
ion gradient across a membrane is used to drive cellular work 
such as the synthesis of ATP, is called chemiosmosis (from. 
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mitochondrial 


Y Figure 9.15 Chemiosmosis couples 
the electron transport chain to ATP 
synthesis. @ NADH and FADH, shuttle high- 
energy electrons extracted from food during 
glycolysis and the citric acid cycle into an electron 
transport chain built into the inner mitochondrial 
membrane. The gold arrows trace the transport 
of electrons, which are finally passed to a 
terminal acceptor (O,, in the case of aerobic 
respiration) at the “downhill” end of the chain, 


forming water. Most of the electron carriers 

of the chain are grouped into four complexes 
(I-IV). Two mobile carriers, ubiquinone (Q) and 
cytochrome c (Cyt c), move rapidly, ferrying 
electrons between the large complexes. As 

the complexes shuttle electrons, they pump 
protons from the mitochondrial matrix into 

the intermembrane space. FADH, deposits its 
electrons via complex II and so results in fewer 
protons being pumped into the intermembrane 


space than occurs with NADH. Chemical energy 
originally harvested from food is transformed 
into a proton-motive force, a gradient of H* 
across the membrane. (2) During chemiosmosis, 
the protons flow back down their gradient via 
ATP synthase, which is built into the membrane 
nearby. The ATP synthase harnesses the proton- 
motive force to phosphorylate ADP, forming ATP. 
Together, electron transport and chemiosmosis 
make up oxidative phosphorylation. 
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WHAT IF > /f complex IV were nonfunctional, could chemiosmosis produce 
any ATP. and if so, how would the rate of synthesis differ? 


the Greek osmos, push). We have previously used the word 
osmosis in discussing water transport, but here it refers to the 
flow of H* across a membrane. 

From studying the structure of ATP synthase, scientists have 
learned how the flow of H’ through this large enzyme powers 
ATP generation. ATP synthase is a multisubunit complex with 
four main parts, each made up of multiple polypeptides (see 
Figure 9.14). Protons move one by one into binding sites on 
one of the parts (the rotor), causing it to spin in a way that cata- 
lyzes ATP production from ADP and inorganic phosphate. The 
flow of protons thus behaves somewhat like a rushing stream 
that turns a waterwheel. 

How does the inner mitochondrial membrane or the 
prokaryotic plasma membrane generate and maintain the H* 
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Oxidative phosphorylation 


Animation: Electron Transport 
BioFlix® Animation: Electron Transport 


gradient that drives ATP synthesis by the ATP synthase protein. 
complex? Establishing the H* gradient is a major function of the 
electron transport chain, which is shown in its mitochondrial 
location in Figure 9.15. The chain is an energy converter that 
uses the exergonic flow of electrons from NADH and FADH, to 
pump H* across the membrane, from the mitochondrial matrix 
into the intermembrane space. The H* has a tendency to move 
back across the membrane, diffusing down its gradient. And the 
ATP synthases are the only sites that provide a route through 
the membrane for H+. As we described previously, the passage 
of H* through ATP synthase uses the exergonic flow of H* 

to drive the phosphorylation of ADP. Thus, the energy stored in 
an H' gradient across a membrane couples the redox reactions 
of the electron transport chain to ATP synthesis. 


At this point, you may be wondering how the electron trans- 
port chain pumps hydrogen ions. Researchers have found that 
certain members of the electron transport chain accept and 
release protons (H’) along with electrons. (The aqueous solu- 
tions inside and surrounding the cell are a ready source of H+.) 
At certain steps along the chain, electron transfers cause H* to be 
taken up and released into the surrounding solution. In eukary- 
otic cells, the electron carriers are spatially arranged in the inner 
mitochondrial membrane in such a way that H* is accepted from 
the mitochondrial matrix and deposited in the intermembrane 
space (see Figure 9.15). The H* gradient that results is referred to 
as a proton-motive force, emphasizing the capacity of the 
gradient to perform work. The force drives H' back across the 
membrane through the H* channels provided by ATP synthases. 

In general terms, chemiosmosis is an energy-coupling mecha- 
nism that uses energy stored in the form of an H` gradient across 
a membrane to drive cellular work. In mitochondria, the energy 
for gradient formation comes from exergonic redox reactions 
along the electron transport chain, and ATP synthesis is the 
work performed. But chemiosmosis also occurs elsewhere and 
in other variations. Chloroplasts use chemiosmosis to gen- 
erate ATP during photosynthesis; in these organelles, light 
(rather than chemical energy) drives both electron flow down 
an electron transport chain and the resulting H' gradient 
formation. Prokaryotes, as already mentioned, generate H* 
gradients across their plasma membranes. They then tap the 
proton-motive force not only to make ATP inside the cell but 


also to rotate their flagella and to pump nutrients and waste 
products across the membrane. Because of its central impor- 
tance to energy conversions in prokaryotes and eukaryotes, 
chemiosmosis has helped unify the study of bioenergetics. 
Peter Mitchell was awarded the Nobel Prize in 1978 for origi- 
nally proposing the chemiosmotic model. 


An Accounting of ATP Production 
by Cellular Respiration 


In the last few sections, we have looked rather closely at the 
key processes of cellular respiration. Now let’s take a step back 
and remind ourselves of its overall function: harvesting the 
energy of glucose for ATP synthesis. 

During respiration, most energy flows in this sequence: 
glucose + NADH > electron transport chain — proton- 
motive force —> ATP. We can do some bookkeeping to 
calculate the ATP profit when cellular respiration oxidizes 
a molecule of glucose to six molecules of carbon dioxide. 
The three main departments of this metabolic enterprise 
are glycolysis, pyruvate oxidation and the citric acid cycle, 
and the electron transport chain, which drives oxidative 
phosphorylation. Figure 9.16 gives a detailed accounting 
of the ATP yield for each glucose molecule that is oxidized. 
The tally adds the 4 ATP produced directly by substrate-level 
phosphorylation during glycolysis and the citric acid cycle 
to the many more molecules of ATP generated by oxidative 


Y Figure 9.16 ATP yield per molecule of glucose at each stage of cellular respiration. 
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VISUAL SKILLS > Explain exactly how the total of 26 or 28 ATP from oxidative 


phosphorylation was calculated (see the yellow bar in the figure). 
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phosphorylation. Each NADH that transfers a pair of elec- 
trons from glucose to the electron transport chain contrib- 
utes enough to the proton-motive force to generate a maxi- 
mum of about 3 ATP. 

Why are the numbers in Figure 9.16 inexact? There are 
three reasons we cannot state an exact number of ATP mol- 
ecules generated by the breakdown of one molecule of glu- 
cose. First, phosphorylation and the redox reactions are not 
directly coupled to each other, so the ratio of the number of 
NADH molecules to the number of ATP molecules is not a 
whole number. We know that 1 NADH results in 10 H* being 
transported out across the inner mitochondrial membrane, 
but the exact number of H’ that must reenter the mitochon- 
drial matrix via ATP synthase to generate 1 ATP has long 
been debated. Based on experimental data, however, most 
biochemists now agree that the most accurate number is 
4 H*. Therefore, a single molecule of NADH generates enough 
proton-motive force for the synthesis of 2.5 ATP. The citric 
acid cycle also supplies electrons to the electron transport 
chain via FADH,, but since its electrons enter later in the 
chain, each molecule of this electron carrier is responsible 
for transport of only enough H* for the synthesis of 1.5 ATP. 
These numbers also take into account the slight energetic cost 
of moving the ATP formed in the mitochondrion out into the 
cytosol, where it will be used. 

Second, the ATP yield varies slightly depending on the type 
of shuttle used to transport electrons from the cytosol into 
the mitochondrion. The mitochondrial inner membrane is 
impermeable to NADH, so NADH in the cytosol is segregated 
from the machinery of oxidative phosphorylation. The 2 elec- 
trons of NADH captured in glycolysis must be conveyed into 
the mitochondrion by one of several electron shuttle systems. 
Depending on the kind of shuttle in a particular cell type, the 
electrons are passed either to NAD* or to FAD in the mitochon- 
drial matrix (see Figures 9.15 and 9.16). If the electrons are 
passed to FAD, as in brain cells, only about 1.5 ATP can result 
from each NADH that was originally generated in the cytosol. 
If the electrons are passed to mitochondrial NAD‘, as in liver 
cells and heart cells, the yield is about 2.5 ATP per NADH. 

A third variable that reduces the yield of ATP is the use of 
the proton-motive force generated by the redox reactions 
of respiration to drive other kinds of work. For example, the 
proton-motive force powers the mitochondrion’s uptake of 
pyruvate from the cytosol. However, if all the proton-motive 
force generated by the electron transport chain were used to 
drive ATP synthesis, one glucose molecule could generate a 
maximum of 28 ATP produced by oxidative phosphorylation 
plus 4 ATP (net) from substrate-level phosphorylation to give 
a total yield of about 32 ATP (or only about 30 ATP if the less 
efficient shuttle were functioning). 


Animation: Electron Transport Chain: Factors Affecting 
ATP Yield 
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We can now roughly estimate the efficiency of respiration— 
that is, the percentage of chemical energy in glucose that has 
been transferred to ATP. Recall that the complete oxidation of 
a mole of glucose releases 686 kcal of energy under standard 
conditions (AG = —686 kcal/mol). Phosphorylation of ADP to 
form ATP stores at least 7.3 kcal per mole of ATP. Therefore, 
the efficiency of respiration is 7.3 kcal per mole of ATP times 
32 moles of ATP per mole of glucose divided by 686 kcal per 
mole of glucose, which equals 0.34. Thus, about 34% of the 
potential chemical energy in glucose has been transferred to 
ATP; the actual percentage is bound to vary as AG varies under 
different cellular conditions. Cellular respiration is remark- 
ably efficient in its energy conversion. By comparison, even 
the most efficient automobile converts only about 25% of the 
energy stored in gasoline to energy that moves the car. 

The rest of the energy stored in glucose is lost as heat. We 
humans use some of this heat to maintain our relatively high 
body temperature (37°C), and we dissipate the rest through 
sweating and other cooling mechanisms. 

Surprisingly, perhaps, it may be beneficial under certain 
conditions to reduce the efficiency of cellular respiration. 

A remarkable adaptation is shown by hibernating mam- 
mals, which overwinter in a state of inactivity and lowered 
metabolism. Although their internal body temperature is 
lower than normal, it still must be kept significantly higher 
than the external air temperature. One type of tissue, called 
brown fat, is made up of cells packed full of mitochondria. 
The inner mitochondrial membrane contains a channel 
protein called the uncoupling protein that allows protons 
to flow back down their concentration gradient without 
generating ATP. Activation of these proteins in hibernating 
mammals results in ongoing oxidation of stored fuel (fats), 
generating heat without any ATP production. In the absence 
of such an adaptation, the buildup of ATP would eventu- 
ally cause cellular respiration to be shut down by regulatory 
mechanisms that will be discussed later. In the Scientific 
Skills Exercise, you can work with data in a related but dif- 
ferent case where a decrease in metabolic efficiency in cells 
is used to generate heat. 


BioFlix® Animation: Cellular Respiration 


CONCEPT CHECK 9.4 _—— — —; 


1. WHAT IF? > What effect would an absence of O, have on 
the process shown in Figure 9.15? 


2. WHAT IF? > In the absence of O,, as in question 1, what 
do you think would happen if you decreased the pH of 
the intermembrane space of the mitochondrion? Explain 
your answer. 

3. MAKE CONNECTIONS > Membranes must be fluid to 
function properly (as you learned in Concept 7.1). How 
does the operation of the electron transport chain 
support that assertion? 


For suggested answers, see Appendix A. 


SCIENTIFIC SKILLS EXERCISE 


Making a Bar Graph and 
Evaluating a Hypothesis 


Does Thyroid Hormone Level Affect Oxygen Consumption 


in Cells? Some animals, such as mammals and birds, maintain a rela- 


tively constant body temperature, above that of their environment, 
by using heat produced as a by-product of metabolism. When the 


core temperature of these animals drops below an internal set point, 


their cells are triggered to reduce the efficiency of ATP production 


by the electron transport chains in mitochondria. At lower efficiency, 


extra fuel must be consumed to produce the same number of ATPs, 
generating additional heat. Because this response is moderated by 
the endocrine system, researchers hypothesized that thyroid hor- 


mone might trigger this cellular response. In this exercise, you will use 


a bar graph to visualize data from an experiment that compared the 


metabolic rates (by measuring oxygen consumption) in mitochondria 


of cells from animals with different levels of thyroid hormone. 


How the Experiment Was Done Liver cells were isolated from 


sibling rats that had low, normal, or elevated thyroid hormone levels. 


The oxygen consumption rate due to activity of the mitochondrial 
electron transport chains of each type of cell was measured under 
controlled conditions. 


Data from the Experiment 


Oxygen Consumption Rate 
Thyroid Hormone Level [nmol 0,/(min - mg cells)] 


Low | 43 
| 
| 


Normal 4.8 
Elevated 8.7 


Data from M. E. Harper and M. D. Brand, The quantitative contributions of mito- 
chondrial proton leak and ATP turnover reactions to the changed respiration rates 
of hepatocytes from rats of different thyroid status, Journal of Biological Chemistry 
268:14850-14860 (1993). 


INTERPRET THE DATA 


1. To visualize any differences in oxygen consumption between 
cell types, it will be useful to graph the data in a bar graph. 


CONCEPT 9,5 0000 — 


Fermentation and anaerobic 
respiration enable cells to produce 
ATP without the use of oxygen 


Because most of the ATP generated by cellular respiration is 
due to the work of oxidative phosphorylation, our estimate 
of ATP yield from aerobic respiration depends on an adequate 
supply of oxygen to the cell. Without the electronegative 
oxygen to pull electrons down the transport chain, oxida- 
tive phosphorylation eventually ceases. However, there are 
two general mechanisms by which certain cells can oxidize 
organic fuel and generate ATP without the use of oxygen: 
anaerobic respiration and fermentation. The distinction 


First, set up the axes. (a) What is the independent variable 
(intentionally varied by the researchers), which goes on the x-axis? 
List the categories along the x-axis; because they are discrete 
rather than continuous, you can list them in any order. (b) What 
is the dependent variable (measured by the researchers), which 
goes on the y-axis? (c) What units (abbreviated) should go on the 
y-axis? Label the y-axis, including the units specified in the data 
table. Determine the range of values of the data that will need to 
go on the y-axis. What is the largest value? Draw evenly spaced 
tick marks and label them, starting with 0 at the bottom. 

2. Graph the data for each sample. Match each x-value with its 
y-value and place a mark on the graph at that coordinate, then 
draw a bar from the x-axis up to the correct height for each 
sample. Why is a bar graph more appropriate than a scatter plot 
or line graph? (For additional information about graphs, see the 
Scientific Skills Review in Appendix F.) 

3. Examine your graph and look for a pattern in the data. (a) Which 
cell type had the highest rate of oxygen consumption, and which 
had the lowest? (b) Does this support the researchers’ hypothesis? 
Explain. (c) Based on what you know about mitochondrial elec- 
tron transport and heat production, predict which rats had the 
highest, and which had the lowest, body temperature. 


Instructors: A version of this Scientific Skills Exercise can be 
assigned in MasteringBiology. 


between these two is that an electron transport chain is 
used in anaerobic respiration but not in fermentation. (The 
electron transport chain is also called the respiratory chain 
because of its role in both types of cellular respiration.) 

We have already mentioned anaerobic respiration, which 
takes place in certain prokaryotic organisms that live in envi- 
ronments without oxygen. These organisms have an electron 
transport chain but do not use oxygen as a final electron 
acceptor at the end of the chain. Oxygen performs this func- 
tion very well because it is extremely electronegative, but 
other, less electronegative substances can also serve as final 
electron acceptors. Some “sulfate-reducing” marine bacteria, 
for instance, use the sulfate ion (SO,”>) at the end of their 
respiratory chain. Operation of the chain builds up a proton- 
motive force used to produce ATP, but H,S (hydrogen sulfide) 
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is made as a by-product rather than water. The rotten-egg odor 
you may have smelled while walking through a salt marsh or a 
mudflat signals the presence of sulfate-reducing bacteria. 

Fermentation is a way of harvesting chemical energy with- 
out using either oxygen or any electron transport chain—in 
other words, without cellular respiration. How can food be 
oxidized without cellular respiration? Remember, oxidation 
simply refers to the loss of electrons to an electron acceptor, 
so it does not need to involve oxygen. Glycolysis oxidizes glu- 
cose to two molecules of pyruvate. The oxidizing agent of gly- 
colysis is NAD*, and neither oxygen nor any electron transfer 
chain is involved. Overall, glycolysis is exergonic, and some 
of the energy made available is used to produce 2 ATP (net) 
by substrate-level phosphorylation. If oxygen is present, then 
additional ATP is made by oxidative phosphorylation when 
NADH passes electrons removed from glucose to the electron 
transport chain. But glycolysis generates 2 ATP whether oxy- 
gen is present or not—that is, whether conditions are aerobic 
or anaerobic. 

As an alternative to respiratory oxidation of organic 
nutrients, fermentation is an extension of glycolysis that 
allows continuous generation of ATP by the substrate-level 
phosphorylation of glycolysis. For this to occur, there must 
be a sufficient supply of NAD‘ to accept electrons during the 
oxidation step of glycolysis. Without some mechanism to 
recycle NAD* from NADH, glycolysis would soon deplete the 
cell’s pool of NAD* by reducing it all to NADH and would 
shut itself down for lack of an oxidizing agent. Under aerobic 
conditions, NAD* is recycled from NADH by the transfer of 
electrons to the electron transport chain. An anaerobic alter- 
native is to transfer electrons from NADH to pyruvate, the 
end product of glycolysis. 


Types of Fermentation 


Fermentation consists of glycolysis plus reactions that regen- 
erate NAD* by transferring electrons from NADH to pyruvate 
or derivatives of pyruvate. The NAD’ can then be reused to 
oxidize sugar by glycolysis, which nets two molecules of ATP 
by substrate-level phosphorylation. There are many types 
of fermentation, differing in the end products formed from 
pyruvate. Two types are alcohol fermentation and lactic acid 
fermentation, and both are harnessed by humans for food 
and industrial production. 

In alcohol fermentation (Figure 9.17a), pyruvate 
is converted to ethanol (ethyl alcohol) in two steps. The 
first step releases carbon dioxide from the pyruvate, which 
is converted to the two-carbon compound acetaldehyde. 
In the second step, acetaldehyde is reduced by NADH to 
ethanol. This regenerates the supply of NAD* needed for 
the continuation of glycolysis. Many bacteria carry out 
alcohol fermentation under anaerobic conditions. Yeast 
(a fungus), in addition to aerobic respiration, also carries 
out alcohol fermentation. For thousands of years, humans 
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YV Figure 9.17 Fermentation. In the absence of oxygen, many cells 
use fermentation to produce ATP by substrate-level phosphorylation. 
NAD* is regenerated for use in glycolysis when pyruvate, the end product 
of glycolysis, serves as an electron acceptor for oxidizing NADH. Two of 
the common end products formed from fermentation are (a) ethanol 
and (b) lactate, the ionized form of lactic acid. 
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(b) Lactic acid fermentation 


Animation: Fermentation 


have used yeast in brewing, winemaking, and baking. The 
CO, bubbles generated by baker’s yeast during alcohol 
fermentation allow bread to rise. 

During lactic acid fermentation (Figure 9.17b), pyru- 
vate is reduced directly by NADH to form lactate as an end 
product, regenerating NAD" with no release of CO,. (Lactate 
is the ionized form of lactic acid.) Lactic acid fermentation 
by certain fungi and bacteria is used in the dairy industry 
to make cheese and yogurt. 

Human muscle cells make ATP by lactic acid fermenta- 
tion when oxygen is scarce. This occurs during strenuous 


exercise, when sugar catabolism for ATP production out- 
paces the muscle’s supply of oxygen from the blood. Under 
these conditions, the cells switch from aerobic respiration to 
fermentation. The lactate that accumulates was previously 
thought to cause the muscle fatigue and pain that occurs a 
day or so after intense exercise. However, evidence shows 
that within an hour, blood carries the excess lactate from 
the muscles to the liver, where it is converted back to pyru- 
vate by liver cells. Because oxygen is available, this pyruvate 
can then enter the mitochondria in liver cells and complete 
cellular respiration. (Next-day muscle soreness is more likely 
caused by trauma to small muscle fibers, which leads to 
inflammation and pain.) 


Comparing Fermentation with Anaerobic 
and Aerobic Respiration 


Fermentation, anaerobic respiration, and aerobic respiration 
are three alternative cellular pathways for producing ATP by 
harvesting the chemical energy of food. All three use glycoly- 
sis to oxidize glucose and other organic fuels to pyruvate, 
with a net production of 2 ATP by substrate-level phosphory- 
lation. And in all three pathways, NAD‘ is the oxidizing agent 
that accepts electrons from food during glycolysis. 

Akey difference is the contrasting mechanisms for oxi- 
dizing NADH back to NAD", which is required to sustain 
glycolysis. In fermentation, the final electron acceptor is an 
organic molecule such as pyruvate (lactic acid fermentation) 
or acetaldehyde (alcohol fermentation). In cellular respira- 
tion, by contrast, electrons carried by NADH are transferred 
to an electron transport chain, which regenerates the NAD™ 
required for glycolysis. 

Another major difference is the amount of ATP produced. 
Fermentation yields two molecules of ATP, produced by 
substrate-level phosphorylation. In the absence of an elec- 
tron transport chain, the energy stored in pyruvate is unavail- 
able. In cellular respiration, however, pyruvate is completely 
oxidized in the mitochondrion. Most of the chemical energy 
from this process is shuttled by NADH and FADH, in the 
form of electrons to the electron transport chain. There, the 
electrons move stepwise down a series of redox reactions to a 
final electron acceptor. (In aerobic respiration, the final elec- 
tron acceptor is oxygen; in anaerobic respiration, the final 
acceptor is another molecule that is electronegative, although 
less so than oxygen.) Stepwise electron transport drives oxida- 
tive phosphorylation, yielding ATP. Thus, cellular respiration 
harvests much more energy from each sugar molecule than 
fermentation can. In fact, aerobic respiration yields up to 
32 molecules of ATP per glucose molecule—up to 16 times as 
much as does fermentation. 

Some organisms, called obligate anaerobes, carry out 
only fermentation or anaerobic respiration. In fact, these 
organisms cannot survive in the presence of oxygen, some 
forms of which can actually be toxic if protective systems are 


V Figure 9.18 Pyruvate as a key juncture in catabolism. 
Glycolysis is common to fermentation and cellular respiration. The 
end product of glycolysis, pyruvate, represents a fork in the catabolic 
pathways of glucose oxidation. In a facultative anaerobe or a muscle 
cell, which are capable of both aerobic cellular respiration and 
fermentation, pyruvate is committed to one of those two pathways, 
usually depending on whether or not oxygen is present. 
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not present in the cell. A few cell types, such as cells of the 
vertebrate brain, can carry out only aerobic oxidation of pyru- 
vate, not fermentation. Other organisms, including yeasts 
and many bacteria, can make enough ATP to survive using 
either fermentation or respiration. Such species are called 
facultative anaerobes. On the cellular level, our muscle 
cells behave as facultative anaerobes. In such cells, pyruvate is 
a fork in the metabolic road that leads to two alternative cata- 
bolic routes (Figure 9.18). Under aerobic conditions, pyru- 
vate can be converted to acetyl CoA, and oxidation continues 
in the citric acid cycle via aerobic respiration. Under anaero- 
bic conditions, lactic acid fermentation occurs: Pyruvate is 
diverted from the citric acid cycle, serving instead as an elec- 
tron acceptor to recycle NAD*. To make the same amount of 
ATP, a facultative anaerobe has to consume sugar at a much 
faster rate when fermenting than when respiring. 


The Evolutionary Significance of Glycolysis 


The role of glycolysis in both fermentation and 
respiration has an evolutionary basis. Ancient prokaryotes 

are thought to have used glycolysis to make ATP long before 
oxygen was present in Earth’s atmosphere. The oldest known 
fossils of bacteria date back 3.5 billion years, but appreciable 
quantities of oxygen probably did not begin to accumulate in 
the atmosphere until about 2.7 billion years ago. Cyanobacteria 
produced this O, as a by-product of photosynthesis. Therefore, 
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early prokaryotes may have generated ATP exclusively from 
glycolysis. The fact that glycolysis is today the most wide- 
spread metabolic pathway among Earth’s organisms suggests 
that it evolved very early in the history of life. The cytosolic 
location of glycolysis also implies great antiquity; the pathway 
does not require any of the membrane-enclosed organelles 
of the eukaryotic cell, which evolved approximately 1 billion 
years after the first prokaryotic cell. Glycolysis is a metabolic 
heirloom from early cells that continues to function in fer- 
mentation and as the first stage in the breakdown of organic 
molecules by respiration. 


CONCEPT CHECK 9.5 00 —Ž es 


1. Consider the NADH formed during glycolysis. What is 
the final acceptor for its electrons during fermentation? 
What is the final acceptor for its electrons during aerobic 
respiration? During anaerobic respiration? 


2. WHAT IF? > A glucose-fed yeast cell is moved from an 
aerobic environment to an anaerobic one. How would 
its rate of glucose consumption change if ATP were to be 
generated at the same rate? 


For suggested answers, see Appendix A. 


CONCEPT 9.6 


Glycolysis and the citric acid cycle 
connect to many other metabolic 
pathways 


So far, we have treated the oxidative breakdown of glucose in 
isolation from the cell’s overall metabolic economy. In this 
section, you will learn that glycolysis and the citric acid cycle 
are major intersections of the cell’s catabolic (breakdown) 
and anabolic (biosynthetic) pathways. 


The Versatility of Catabolism 


Throughout this chapter, we have used glucose as an 
example of a fuel for cellular respiration. But free glucose 
molecules are not common in the diets of humans and other 
animals. We obtain most of our calories in the form of fats, 
proteins, and carbohydrates such as sucrose and other disac- 
charides, and starch, a polysaccharide. All these organic 
molecules in food can be used by cellular respiration to 
make ATP (Figure 9.19). 

Glycolysis can accept a wide range of carbohydrates for 
catabolism. In the digestive tract, starch is hydrolyzed to glu- 
cose, which can then be broken down in the cells by glycolysis 
and the citric acid cycle. Similarly, glycogen, the polysaccha- 
tide that humans and many other animals store in their liver 
and muscle cells, can be hydrolyzed to glucose between meals 
as fuel for respiration. The digestion of disaccharides, includ- 
ing sucrose, provides glucose and other monosaccharides as 
fuel for respiration. 
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V Figure 9.19 The catabolism of various molecules from 
food. Carbohydrates, fats, and proteins can all be used as fuel for 
cellular respiration. Monomers of these molecules enter glycolysis 
or the citric acid cycle at various points. Glycolysis and the citric acid 
cycle are catabolic funnels through which electrons from all kinds of 
organic molecules flow on their exergonic fall to oxygen. 
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Proteins can also be used for fuel, but first they must be 
digested to their constituent amino acids. Many of the amino 
acids are used by the organism to build new proteins. Amino 
acids present in excess are converted by enzymes to inter- 
mediates of glycolysis and the citric acid cycle. Before amino 
acids can feed into glycolysis or the citric acid cycle, their 
amino groups must be removed, a process called deamination. 
The nitrogenous waste is excreted from the animal in the 
form of ammonia (NH), urea, or other waste products. 

Catabolism can also harvest energy stored in fats obtained 
either from food or from fat cells in the body. After fats are 
digested to glycerol and fatty acids, the glycerol is converted 
to glyceraldehyde 3-phosphate, an intermediate of glycolysis. 
Most of the energy of a fat is stored in the fatty acids. A meta- 
bolic sequence called beta oxidation breaks the fatty acids 
down to two-carbon fragments, which enter the citric acid 
cycle as acetyl CoA. NADH and FADH, are also generated 


during beta oxidation; they can enter the electron transport 
chain, leading to further ATP production. Fats make excel- 
lent fuels, in large part due to their chemical structure and 
the high energy level of their electrons (present in many 
C—H bonds, equally shared between carbon and hydrogen) 
compared to those of carbohydrates. A gram of fat oxidized 
by respiration produces more than twice as much ATP asa 
gram of carbohydrate. Unfortunately, this also means that 
a person trying to lose weight must work hard to use up fat 
stored in the body because so many calories are stockpiled in 
each gram of fat. 


Biosynthesis (Anabolic Pathways) 


Cells need substance as well as energy. Not all the organic 
molecules of food are destined to be oxidized as fuel to make 
ATP. In addition to calories, food must also provide the car- 
bon skeletons that cells require to make their own molecules. 
Some organic monomers obtained from digestion can be used 
directly. For example, as previously mentioned, amino acids 
from the hydrolysis of proteins in food can be incorporated 
into the organism’s own proteins. Often, however, the body 
needs specific molecules that are not present as such in food. 
Compounds formed as intermediates of glycolysis and the 
citric acid cycle can be diverted into anabolic pathways as 
precursors from which the cell can synthesize the molecules 

it requires. For example, humans can make about half of 

the 20 amino acids in proteins by modifying compounds 
siphoned away from the citric acid cycle; the rest are “essential 
amino acids” that must be obtained in the diet. Also, glucose 
can be made from pyruvate, and fatty acids can be synthesized 
from acetyl CoA. Of course, these anabolic, or biosynthetic, 
pathways do not generate ATP, but instead consume it. 

In addition, glycolysis and the citric acid cycle function as 
metabolic interchanges that enable our cells to convert some 
kinds of molecules to others as we need them. For example, 
an intermediate compound generated during glycolysis, 
dihydroxyacetone phosphate (see Figure 9.9, step 5), can 
be converted to one of the major precursors of fats. If we eat 
more food than we need, we store fat even if our diet is fat- 
free. Metabolism is remarkably versatile and adaptable. 


Regulation of Cellular Respiration 
via Feedback Mechanisms 


Basic principles of supply and demand regulate the metabolic 
economy. The cell does not waste energy making more of a 
particular substance than it needs. If there is a surplus of a 
certain amino acid, for example, the anabolic pathway that 
synthesizes that amino acid from an intermediate of the cit- 
ric acid cycle is switched off. The most common mechanism 
for this control is feedback inhibition: The end product of 
the anabolic pathway inhibits the enzyme that catalyzes an 
early step of the pathway (see Figure 8.21). This prevents the 


needless diversion of key metabolic intermediates from uses 
that are more urgent. 

The cell also controls its catabolism. If the cell is working 
hard and its ATP concentration begins to drop, respiration 
speeds up. When there is plenty of ATP to meet demand, res- 
piration slows down, sparing valuable organic molecules for 
other functions. Again, control is based mainly on regulating 
the activity of enzymes at strategic points in the catabolic 
pathway. As shown in Figure 9.20, one important switch 
is phosphofructokinase, the enzyme that catalyzes step 3 
of glycolysis (see Figure 9.9). That is the first step that com- 
mits the substrate irreversibly to the glycolytic pathway. By 
controlling the rate of this step, the cell can speed up or slow 
down the entire catabolic process. Phosphofructokinase can 
thus be considered the pacemaker of respiration. 


Y Figure 9.20 The control of cellular respiration. Allosteric 
enzymes at certain points in the respiratory pathway respond to 
inhibitors and activators that help set the pace of glycolysis and the 
citric acid cycle. Phosphofructokinase, which catalyzes an early step in 
glycolysis (see Figure 9.9, step 3), is one such enzyme. It is stimulated 
by AMP (derived from ADP) but is inhibited by ATP and by citrate. 
This feedback regulation adjusts the rate of respiration as the cell’s 
catabolic and anabolic demands change. 
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Phosphofructokinase is an allosteric enzyme with 
receptor sites for specific inhibitors and activators. It 
is inhibited by ATP and stimulated by AMP (adenosine 
monophosphate), which the cell derives from ADP. As 
ATP accumulates, inhibition of the enzyme slows down 
glycolysis. The enzyme becomes active again as cellular 
work converts ATP to ADP (and AMP) faster than ATP is 
being regenerated. Phosphofructokinase is also sensitive 
to citrate, the first product of the citric acid cycle. If citrate 
accumulates in mitochondria, some of it passes into the 
cytosol and inhibits phosphofructokinase. This mecha- 
nism helps synchronize the rates of glycolysis and the citric 
acid cycle. As citrate accumulates, glycolysis slows down, 
and the supply of pyruvate and thus acetyl groups to the 
citric acid cycle decreases. If citrate consumption increases, 
either because of a demand for more ATP or because ana- 
bolic pathways are draining off intermediates of the citric 
acid cycle, glycolysis accelerates and meets the demand. 
Metabolic balance is augmented by the control of enzymes 
that catalyze other key steps of glycolysis and the citric 
acid cycle. Cells are thrifty, expedient, and responsive in 
their metabolism. 


Q Chapter Review 


CONCEPT 9.1 


Catabolic pathways yield energy 
by oxidizing organic fuels (pp. 165-169) 


Cells break down glucose and other organic fuels 

to yield chemical energy in the form of ATP. 
Fermentation is a process that results in the partial 
degradation of glucose without the use of oxygen. The 
process of cellular respiration is a more complete breakdown 

of glucose. In aerobic respiration, oxygen is used as a reactant; 
in anaerobic respiration, other substances are used as reactants in a 
similar process that harvests chemical energy without oxygen. 

The cell taps the energy stored in food molecules through redox 
reactions, in which one substance partially or totally shifts elec- 
trons to another. Oxidation is the total or partial loss of electrons, 
while reduction is the total or partial addition of electrons. During 
aerobic respiration, glucose (C,H,,0,) is oxidized to CO,, and O, is 
reduced to H,O: 


— becomes oxidized: 
C6H1206 + 60, —> 6CO, + 6H,0 + Energy 
__ becomes reduced —* 


Electrons lose potential energy during their transfer from glucose 
or other organic compounds to oxygen. Electrons are usually 
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Cellular respiration and metabolic pathways play a role of 
central importance in organisms. Examine Figure 9.2 again 
to put cellular respiration into the broader context of energy 
flow and chemical cycling in ecosystems. The energy that 
keeps us alive is released, not produced, by cellular respiration. 
Weare tapping energy that was stored in food by photosyn- 
thesis. In the next chapter, you will learn how photosynthesis 
captures light and converts it to chemical energy. 


CONCEPT CHECK 9.6 


1. MAKE CONNECTIONS > Compare the structure of a 
fat (see Figure 5.9) with that of a carbohydrate (see 
Figure 5.3). What features of their structures make 
fat a much better fuel? 


2. Under what circumstances might your body synthesize 
fat molecules? 


3. VISUAL SKILLS > What will happen in a muscle cell that 
has used up its supply of oxygen and ATP? (Review 
Figures 9.18 and 9.20.) 

4. VISUAL SKILLS > During intense exercise, can a muscle 
cell use fat as a concentrated source of chemical energy? 
Explain. (Review Figures 9.18 and 9.19.) 


For suggested answers, see Appendix A. 


Go to MasteringBiology™ for Videos, Animations, Vocab Self-Quiz, 
Practice Tests, and more in the Study Area. 


passed first to NAD’, reducing it to NADH, and are then passed 
from NADH to an electron transport chain, which conducts 
the electrons to O, in energy-releasing steps. The energy that is 
released is used to make ATP. 

= Aerobic respiration occurs in three stages: (1) glycolysis, 
(2) pyruvate oxidation and the citric acid cycle, and 
(3) oxidative phosphorylation (electron transport and 
chemiosmosis). 


(7) Describe the difference between the two processes in cellular respiration 
that produce ATP: oxidative phosphorylation and substrate-level 
phosphorylation. 


CONCEPT 9.2 
Glycolysis harvests chemical energy by oxidizing 
glucose to pyruvate (pp. 170-171) 

Glycolysis (“splitting of sugar”) is a series of reactions that breaks 


down glucose into two pyruvate molecules, which may go on to enter 
the citric acid cycle, and nets 2 ATP and 2 NADH per glucose molecule. 


Inputs Outputs 


GLYCOLYSIS 
Glucose pay 2 Pyruvate + 2 Bae + 2: A 


Which reactions in glycolysis are the source of energy for the formation 
of ATP and NADH? 


CONCEPT 9.3 
After pyruvate is oxidized, the citric acid cycle 
completes the energy-yielding oxidation 

of organic molecules (pp. 171-174) 


= In eukaryotic cells, pyruvate enters the mitochondrion and is 
oxidized to acetyl CoA, which is further oxidized in the citric 
acid cycle. 


Inputs Outputs 


CITRIC 


ACID 


H a 2 
S (co a 


(?) What molecular products indicate the complete oxidation of glucose 
during cellular respiration? 


2 Oxaloacetate 


CONCEPT 9.4 

During oxidative phosphorylation, 
chemiosmosis couples electron transport 
to ATP synthesis (pp. 174-179) 


= NADH and FADH, transfer electrons to the electron transport 
chain. Electrons move down the chain, losing energy in several 
energy-releasing steps. Finally, electrons are passed to O,, reducing 
itto H,O. 


5 Otc 


araneae 


= Along the electron transport 
chain, electron transfer causes 
protein complexes to move H' 
from the mitochondrial matrix 
(in eukaryotes) to the intermem- 
brane space, storing energy as a 
proton-motive force (H* gradi- 
ent). As H* diffuses back into the 
matrix through ATP synthase, 
its passage drives the phosphory- 
lation of ADP to form ATP, called 
chemiosmosis. 

= About 34% of the energy stored 
in a glucose molecule is trans- 
ferred to ATP during cellular 
respiration, producing a maxi- 
mum of about 32 ATP. 


(2) Briefly explain the mechanism by which ATP synthase produces ATP. 
List three locations in which ATP synthases are found. 


CONCEPT 9.5 

Fermentation and anaerobic respiration enable 
cells to produce ATP without the use of oxygen 
(pp. 179-182) 


= Glycolysis nets 2 ATP by substrate-level phosphorylation, whether 
oxygen is present or not. Under anaerobic conditions, anaerobic 
respiration or fermentation can take place. In anaerobic respira- 
tion, an electron transport chain is present with a final electron 
acceptor other than oxygen. In fermentation, the electrons from 
NADH are passed to pyruvate or a derivative of pyruvate, regen- 
erating the NAD* required to oxidize more glucose. Two common 
types of fermentation are alcohol fermentation and lactic 
acid fermentation. 

= Fermentation and anaerobic or aerobic respiration all use glycolysis 
to oxidize glucose, but they differ in their final electron acceptor 
and whether an electron transport chain is used (respiration) or 
not (fermentation). Respiration yields more ATP; aerobic respira- 
tion, with O, as the final electron acceptor, yields about 16 times 
as much ATP as does fermentation. 

= Glycolysis occurs in nearly all organisms and is thought to 
have evolved in ancient prokaryotes before there was O, in 
the atmosphere. 


e Which process yields more ATP fermentation or anaerobic respiration? 
Explain. 


CONCEPT 9.6 
Glycolysis and the citric acid cycle connect 
to many other metabolic pathways (pp. 182-184) 


= Catabolic pathways funnel electrons from many kinds of organic 
molecules into cellular respiration. Many carbohydrates can 
enter glycolysis, most often after conversion to glucose. Amino 
acids of proteins must be deaminated before being oxidized. The 
fatty acids of fats undergo beta oxidation to two-carbon frag- 
ments and then enter the citric acid cycle as acetyl CoA. Anabolic 
pathways can use small molecules from food directly or build 
other substances using intermediates of glycolysis or the citric 
acid cycle. 

= Cellular respiration is controlled by allosteric enzymes at key 
points in glycolysis and the citric acid cycle. 


Describe how the catabolic pathways of glycolysis and the citric acid 
cycle intersect with anabolic pathways in the metabolism of a cell. 


TEST YOUR UNDERSTANDING 


Level 1: Knowledge/Comprehension m=i] 


1. The immediate energy source that drives ATP 
synthesis by ATP synthase during oxidative 
phosphorylation is the 
(A) oxidation of glucose and other organic 


compounds. g00.gl/CUYGKD 
(B) flow of electrons down the electron transport 
chain. 
(C) H* concentration gradient across the membrane holding 
ATP synthase. 


(D) transfer of phosphate to ADP. 


2. Which metabolic pathway is common to both fermentation 
and cellular respiration of a glucose molecule? 
(A) the citric acid cycle 
(B) the electron transport chain 
(C) glycolysis 
(D) reduction of pyruvate to lactate 
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3. The final electron acceptor of the electron transport chain that 


functions in aerobic oxidative phosphorylation is 
(A) oxygen. 

(B) water. 

(C) NAD*. 

(D) pyruvate. 


. In mitochondria, exergonic redox reactions 


(A) are the source of energy driving prokaryotic ATP synthesis. 
(B) provide the energy that establishes the proton gradient. 
(C) reduce carbon atoms to carbon dioxide. 
(D) are coupled via phosphorylated intermediates 

to endergonic processes. 


Level 2: Application/Analysis 


5. 


10. 


What is the oxidizing agent in the following reaction? 
Pyruvate + NADH + H* > Lactate + NAD! 

(A) oxygen 

(B) NADH 


(C) lactate 
(D) pyruvate 


. When electrons flow along the electron transport chains of 


mitochondria, which of the following changes occurs? 
(A) The pH of the matrix increases. 

(B) ATP synthase pumps protons by active transport. 
(C) The electrons gain free energy. 

(D) NAD* is oxidized. 


. Most CO, from catabolism is released during 


(A) glycolysis. 

(B) the citric acid cycle. 
(C) lactate fermentation. 
(D) electron transport. 


. MAKE CONNECTIONS Step 3 in Figure 9.9 is a major point 


of regulation of glycolysis. The enzyme phosphofructokinase 
is allosterically regulated by ATP and related molecules (see 
Concept 8.5). Considering the overall result of glycolysis, 
would you expect ATP to inhibit or stimulate activity of this 


enzyme? Explain. (Hint: Make sure you consider the role of ATP 


as an allosteric regulator, not as a substrate of the enzyme.) 


. MAKE CONNECTIONS The proton pump shown in Figures 7.17 


and 7.18 is a type of ATP synthase (see Figure 9.14). Compare the 
processes shown in the two figures, and say whether they are 


involved in active or passive transport (see Concepts 7.3 and 7.4). 


VISUAL SKILLS This computer 
model shows the four parts 

of ATP synthase, each part 
consisting of a number of 
polypeptide subunits (the 
structure in gray is still an 

area of active research). Using 
Figure 9.14 as a guide, label the 
rotor, stator, internal rod, and 
catalytic knob of this molecular 
motor. 


Level 3: Synthesis/Evaluation 
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INTERPRET THE DATA Phosphofructokinase is an 
enzyme that acts on fructose 6-phosphate at an early 
step in glucose breakdown. Regulation of this enzyme 


UNIT TWO The Cell 


controls whether the sugar will Low ATP 


continue on in the glycolytic 3 Soncentration, 
pathway. Considering this TS. 

graph, under which condition ue 

is phosphofructokinase more 58 

active? Given what you know 2 faae 
about glycolysis and regulation £ co ee tiation 


of metabolism by this enzyme, 
explain the mechanism by muntese E phiospniate 
which phosphofructokinase 

activity differs depending on ATP 

concentration. Explain why it makes sense that regulation of 
this enzyme has evolved so that it works this way. 


12. DRAW IT The graph here shows 
the pH difference across the 
inner mitochondrial membrane 
over time in an actively respiring 
cell. At the time indicated by the 
vertical arrow, a metabolic poison 
is added that specifically and 
completely inhibits all function of 
mitochondrial ATP synthase. Draw 
what you would expect to see for 
the rest of the graphed line, and 
explain your graph. 

13. EVOLUTION CONNECTION ATP synthases are found in the 
prokaryotic plasma membrane and in mitochondria and 
chloroplasts. (a) Propose a hypothesis to account for an 
evolutionary relationship of these eukaryotic organelles and 
prokaryotes. (b) Explain how the amino acid sequences of 
the ATP synthases from the different sources could be used 
to support or refute your hypothesis. 


14. SCIENTIFIC INQUIRY In the 1930s, some physicians 
prescribed low doses of a compound called dinitrophenol 
(DNP) to help patients lose weight. This unsafe method was 
abandoned after some patients died. DNP uncouples the 
chemiosmotic machinery by making the lipid bilayer of the 
inner mitochondrial membrane leaky to H’. Explain how 
this could cause weight loss and death. 


15. WRITE ABOUT A THEME: ORGANIZATION Ina short essay 
(100-150 words), explain how oxidative phosphorylation— 
production of ATP using energy from the redox reactions of 
a spatially organized electron transport chain followed by 
chemiosmosis—is an example of how new properties emerge 
at each level of the biological hierarchy. 


16. SYNTHESIZE YOUR KNOWLEDGE 


Coenzyme Q (CoQ) is sold as a nutritional 
supplement. One company uses this market- 
ing slogan for CoQ: “Give your heart the 

fuel it craves most.” Considering the role of 
coenzyme Q, critique this claim. How do you 
think this product might function to benefit 
the heart? Is CoQ used as a “fuel” during cel- 
lular respiration? 


pH difference 
across membrane ——> 


Time ———> 


For selected answers, see Appendix A. 


For additional practice questions, check out the Dynamic Study 
Modules in MasteringBiology. You can use them to study on 
your smartphone, tablet, or computer anytime, anywhere! 


A Figure 10.1 How does sunlight help build the trunk, branches, and leaves of this broadleaf tree? 


_KEY CONCEPTS 


10.1 


10.2 


10.3 


10.4 


10.5 


Photosynthesis converts light 
energy to the chemical energy 
of food 


The light reactions convert solar 
energy to the chemical energy 
of ATP and NADPH 


The Calvin cycle uses the 
chemical energy of ATP and 
NADPH to reduce CO, to sugar 


Alternative mechanisms of 
carbon fixation have evolved 
in hot, arid climates 


Life depends on photosynthesis 


Y Other organisms also benefit 
from photosynthesis. 


The Process That Feeds the Biosphere 


Life on Earth is solar powered. Plants and other photosynthetic organisms contain 
cellular organelles called chloroplasts. Specialized molecular complexes in chloro- 
plasts capture light energy that has traveled 150 million km from the sun and con- 
vert it to chemical energy that is stored in sugar and other organic molecules. This 
conversion process is called photosynthesis. Let’s begin by placing photosynthe- 
sis in its ecological context. 

Photosynthesis nourishes almost the entire living world directly or indirectly. 
An organism acquires the organic compounds it uses for energy and carbon skel- 
etons by one of two major modes: autotrophic nutrition or heterotrophic nutrition. 
Autotrophs are “self-feeders” (auto- means “self,” and trophos means “feeder”); 
they sustain themselves without eating anything derived from other living beings. 
Autotrophs produce their organic molecules from CO, and other inorganic raw 
materials obtained from the environment. They are the ultimate sources of organic 
compounds for all nonautotrophic organisms, and for this reason, biologists refer to 
autotrophs as the producers of the biosphere. 

Almost all plants are autotrophs; the only nutrients they require are water 
and minerals from the soil and carbon dioxide from the air. Specifically, plants 
are photoautotrophs, organisms that use light as a source of energy to synthesize 
organic substances (Figure 10.1). Photosynthesis also occurs in algae, certain 
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unicellular eukaryotes, and some prokaryotes (Figure 10.2). 
In this chapter, we will touch on these other groups in pass- 
ing, but our emphasis will be on plants. Variations in auto- 
trophic nutrition that occur in prokaryotes and algae will 
be described in Concept 27.3. 


V Figure 10.2 Photoautotrophs. These organisms use light energy 
to drive the synthesis of organic molecules from carbon dioxide and 

(in most cases) water. They feed themselves and the entire living world. 
On land, (a) plants are the predominant producers of food. In aquatic 
environments, photoautotrophs include unicellular and (b) multicellular 
algae, such as this kelp; (c) some non-algal unicellular eukaryotes, such 
as Euglena; (d) the prokaryotes called cyanobacteria; and (e) other 
photosynthetic prokaryotes, such as these purple sulfur bacteria, which 
produce sulfur (the yellow globules within the cells) (c-e, LMs). 


(o) Unicellular eukaryotes 


(d) Cyanobacteria 40 um 


(e) Purple sulfur bacteria 
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Heterotrophs obtain organic material by the second 
major mode of nutrition. Unable to make their own food, 
they live on compounds produced by other organisms (hetero- 
means “other”). Heterotrophs are the biosphere’s consumers. 
The most obvious “other-feeding” occurs when an animal eats 
plants or other organisms. But heterotrophic nutrition may 
be more subtle. Some heterotrophs consume the remains of 
other organisms by decomposing and feeding on organic litter 
such as dead organisms, feces, and fallen leaves; these types of 
heterotrophs are known as decomposers. Most fungi and many 
types of prokaryotes get their nourishment this way. Almost 
all heterotrophs, including humans, are completely depen- 
dent, either directly or indirectly, on photoautotrophs for 
food—and also for oxygen, a by-product of photosynthesis. 


BioFlix® Animation: The Flow of Carbon Atoms in Producers, 
Consumers, and Decomposers 


The Earth’s supply of fossil fuels was formed from remains 
of organisms that died hundreds of millions of years ago. In 
a sense, then, fossil fuels represent stores of the sun’s energy 
from the distant past. Because these resources are being used 
at a much higher rate than they are replenished, researchers 
are exploring methods of capitalizing on the photosynthetic 
process to provide alternative fuels (Figure 10.3). 

In this chapter, you’ll learn how photosynthesis works. 
After discussing general principles of photosynthesis, we’ll 
consider the two stages of photosynthesis: the light reactions, 
which capture solar energy and transform it into chemi- 
cal energy; and the Calvin cycle, which uses that chemical 


Y Figure 10.3 Alternative fuels from algae. The power of 
sunlight can be tapped to generate a sustainable alternative to fossil 
fuels. Species of unicellular algae that are prolific producers of plant 
oils can be cultured in long, transparent tanks called photobioreactors, 
such as the one shown here at Arizona State University. A simple 
chemical process can yield “biodiesel,” which can be mixed with 
gasoline or used alone to power vehicles. 


WHAT IF? > The main product of fossil fuel combustion is CO;, and this 

is the source of the increase in atmospheric CO, concentration. Scientists 
have proposed strategically situating containers of these algae near industrial 
plants or near highly congested city streets. Considering the process of 
photosynthesis, how does this arrangement make sense? 


ABC News Video: Turning Algae into Biofuel 


energy to make the organic molecules of food. “a, 
Finally, we will consider some aspects of photo- 
synthesis from an evolutionary perspective. 


Photosynthesis converts light 
energy to the chemical energy 
of food 


The remarkable ability of an organism to harness light 
energy and use it to drive the synthesis of organic com- 
pounds emerges from structural organization in the cell: 
Photosynthetic enzymes and other molecules are grouped 
together in a biological membrane, enabling the necessary 
series of chemical reactions to be carried out efficiently. 
The process of photosynthesis most likely originated in a 
group of bacteria that had infolded regions of the plasma 
membrane containing clusters of such molecules. In exist- 
ing photosynthetic bacteria, infolded photosynthetic mem- 
branes function similarly to the internal membranes of the 
chloroplast, a eukaryotic organelle. According to what has 
come to be known as the endosymbiont theory, the origi- 
nal chloroplast was a photosynthetic prokaryote that lived 


inside an ancestor of eukaryotic cells. (You learned about this 


theory in Concept 6.5, and it will be described more fully in 


Concept 25.3.) Chloroplasts are present in a variety of photo- 


synthesizing organisms (see some examples in Figure 10.2), 
but here we focus on chloroplasts in plants. 


Chloroplasts: The Sites of Photosynthesis 
in Plants 


All green parts of a plant, including green stems and unrip- 
ened fruit, have chloroplasts, but the leaves are the major 
sites of photosynthesis in most plants (Figure 10.4). There 
are about half a million chloroplasts in a chunk of leaf with a 
top surface area of 1 mm’. Chloroplasts are found mainly in 
the cells of the mesophyll, the tissue in the interior of the 
leaf. Carbon dioxide enters the leaf, and oxygen exits, by way 
of microscopic pores called stomata (singular, stoma; from 
the Greek, meaning “mouth”). Water absorbed by the roots is 
delivered to the leaves in veins. Leaves also use veins to export 
sugar to roots and other nonphotosynthetic parts of the plant. 
A typical mesophyll cell has about 30-40 chloroplasts, 
each measuring about 2-4 pm by 4-7 pm. A chloroplast 
has two membranes surrounding a dense fluid called the 
stroma. Suspended within the stroma is a third membrane 
system, made up of sacs called thylakoids, which segregates 
the stroma from the thylakoid space inside these sacs. In some 
places, thylakoid sacs are stacked in columns called grana 
(singular, granum). Chlorophyll, the green pigment that 
gives leaves their color, resides in the thylakoid membranes 
of the chloroplast. (The internal photosynthetic membranes 


Mesophyll cell 


Chloroplast 


Outer 
membrane 


Thylakoid Intermembrane 
space 
Inner 


membrane 


Chloroplast Tum 


A Figure 10.4 Zooming in on the location of photosynthesis in 
a plant. Leaves are the major organs of photosynthesis in plants. These 
images take you into a leaf, then into a cell, and finally into a chloroplast, 
the organelle where photosynthesis occurs (middle, LM; bottom, TEM). 


Video: Chloroplasts in Motion 
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of some prokaryotes are also called thylakoid membranes; see 
Figure 27.8b.) It is the light energy absorbed by chlorophyll 
that drives the synthesis of organic molecules in the chloro- 
plast. Now that we have looked at the sites of photosynthesis 
in plants, we are ready to look more closely at the process of 
photosynthesis. 


Tracking Atoms Through Photosynthesis: 
Scientific Inquiry 

Scientists have tried for centuries to piece together the process 
by which plants make food. Although some of the steps are 
still not completely understood, the overall photosynthetic 
equation has been known since the 1800s: In the presence of 
light, the green parts of plants produce organic compounds 
and oxygen from carbon dioxide and water. Using molecular 
formulas, we can summarize the complex series of chemical 
reactions in photosynthesis with this chemical equation: 


6 CO, + 12H,O + Light energy > C,H,,0, + 6 O, + 6 H,O 


We use glucose (C,H,,0,) here to simplify the relationship 
between photosynthesis and respiration, but the direct prod- 
uct of photosynthesis is actually a three-carbon sugar that 
can be used to make glucose. Water appears on both sides 

of the equation because 12 molecules are consumed and 

6 molecules are newly formed during photosynthesis. 

We can simplify the equation by indicating only the net 
consumption of water: 


6 CO, + 6 H,O + Light energy —> C,H,,0, + 6 O, 


Writing the equation in this form, we can see that the overall 
chemical change during photosynthesis is the reverse of the 
one that occurs during cellular respiration (see Concept 9.1). 
Both of these metabolic processes occur in plant cells. However, 
as you will soon learn, chloroplasts do not synthesize sugars by 
simply reversing the steps of respiration. 

Now let’s divide the photosynthetic equation by 6 to put it 
in its simplest possible form: 


CO, + H,O > [CH,0] + O, 


Here, the brackets indicate that CH,O is not an actual sugar 
but represents the general formula for a carbohydrate (see 
Concept 5.2). In other words, we are imagining the synthesis 
of a sugar molecule one carbon at a time (with six repetitions 
theoretically adding up to a glucose molecule—C,H,,0,). 
Let’s now see how researchers tracked the elements C, H, 
and O from the reactants of photosynthesis to the products. 


The Splitting of Water 

One of the first clues to the mechanism of photosynthesis 
came from the discovery that the O, given off by plants is 
derived from H,O and not from CO,. The chloroplast splits 
water into hydrogen and oxygen. Before this discovery, 
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the prevailing hypothesis was that photosynthesis split car- 
bon dioxide (CO, —> C + O,) and then added water to the 
carbon (C + H,O — [CH,0]). This hypothesis predicted 

that the O, released during photosynthesis came from CO). 
This idea was challenged in the 1930s by C. B. van Niel, of 
Stanford University. Van Niel was investigating photosyn- 
thesis in bacteria that make their carbohydrate from CO, 

but do not release O,. He concluded that, at least in these 
bacteria, CO, is not split into carbon and oxygen. One group 
of bacteria used hydrogen sulfide (H,S) rather than water for 
photosynthesis, forming yellow globules of sulfur as a waste 
product (these globules are visible in Figure 10.2e). Here is the 
chemical equation for photosynthesis in these sulfur bacteria: 


CO, + 2H,S > [CH,O] + H,O + 2S 


Van Niel reasoned that the bacteria split H,S and used the 
hydrogen atoms to make sugar. He then generalized that idea, 
proposing that all photosynthetic organisms require a hydro- 
gen source but that the source varies: 


Sulfur bacteria: CO, + 2H,S — [CH,O] + H,O + 2S 
Plants: CO, + 2 H,O > [CH,O] + H,O + O, 
General: CO, + 2H,X — [CH,O] + H,O + 2X 


Thus, van Niel hypothesized that plants split H,O as a source of 
electrons from hydrogen atoms, releasing O, as a by-product. 
Nearly 20 years later, scientists confirmed van Niel’s 
hypothesis by using oxygen-18 ('*O), a heavy isotope, as a 
tracer to follow the path of oxygen atoms during photosyn- 
thesis. The experiments showed that the O, from plants was 
labeled with '*O only if water was the source of the tracer 
(experiment 1). If the '*O was introduced to the plant in 
the form of CO,, the label did not turn up in the released O, 
(experiment 2). In the following summary, magenta denotes 
labeled atoms of oxygen ('$0): 


Experiment 1: CO, + 2H,O — [CH,O] + H,O + O, 
Experiment 2: CO, + 2 H,O —> [CH,O] + H,O + O, 


A significant result of the shuffling of atoms during pho- 
tosynthesis is the extraction of hydrogen from water and its 
incorporation into sugar. The waste product of photosynthesis, 
O, is released to the atmosphere. Figure 10.5 shows the fates 
of all atoms in photosynthesis. 


Y Figure 10.5 Tracking atoms through photosynthesis. The 
atoms from CO, are shown in magenta, and the atoms from H,O are 
shown in blue. 


Reactants: 6 CO, 12 H,0 


Products: C6H14206 6 H,O 60, 


Photosynthesis as a Redox Process 


Let’s briefly compare photosynthesis with cellular respiration. 
Both processes involve redox reactions. During cellular respira- 
tion, energy is released from sugar when electrons associated 
with hydrogen are transported by carriers to oxygen, forming 
water as a by-product (see Concept 9.1). The electrons lose 
potential energy as they “fall” down the electron transport 
chain toward electronegative oxygen, and the mitochondrion 
harnesses that energy to synthesize ATP (see Figure 9.15). 
Photosynthesis reverses the direction of electron flow. Water is 
split, and its electrons are transferred along with hydrogen ions 
(H’) from the water to carbon dioxide, reducing it to sugar. 


m~ becomes dua) 


Energy + 6 CO2 + 6H20 ——> C6Hı206 + 602 
L —— becomes oxidized 


Because the electrons increase in potential energy as they 
move from water to sugar, this process requires energy—in 
other words, it is endergonic. This energy boost that occurs 
during photosynthesis is provided by light. 


The Two Stages of Photosynthesis: A Preview 


The equation for photosynthesis is a deceptively simple sum- 
mary of a very complex process. Actually, photosynthesis is 
not a single process, but two processes, each with multiple 
steps. These two stages of photosynthesis are known as the 
light reactions (the photo part of photosynthesis) and the 
Calvin cycle (the synthesis part) (Figure 10.6). 

The light reactions are the steps of photosynthesis that con- 
vert solar energy to chemical energy. Water is split, providing 


> Figure 10.6 An overview of 
photosynthesis: cooperation of the light 
reactions and the Calvin cycle. In the 
chloroplast, the thylakoid membranes (green) 
are the sites of the light reactions, whereas the 
Calvin cycle occurs in the stroma (gray). The 
light reactions use solar energy to make ATP 
and NADPH, which supply chemical energy and 
reducing power, respectively, to the Calvin cycle 
The Calvin cycle incorporates CO, into organic 
molecules, which are converted to sugar. (Recall 
that most simple sugars have formulas that 

are some multiple of CH,0.) To visualize these 
processes in their cellular context, see Figure 6.32. 


BioFlix® Animation: Photosynthesis 


a source of electrons and protons (hydrogen ions, H') and 
giving off O, as a by-product. Light absorbed by chlorophyll 
drives a transfer of the electrons and hydrogen ions from 
water to an acceptor called NADP* (nicotinamide adenine 
dinucleotide phosphate), where they are temporarily stored. 
(The electron acceptor NADP’ is first cousin to NAD+, which 
functions as an electron carrier in cellular respiration; the two 
molecules differ only by the presence of an extra phosphate 
group in the NADP molecule.) The light reactions use solar 
energy to reduce NADP* to NADPH by adding a pair of elec- 
trons along with an H*. The light reactions also generate ATP, 
using chemiosmosis to power the addition of a phosphate 
group to ADP, a process called photophosphorylation. 
Thus, light energy is initially converted to chemical energy 
in the form of two compounds: NADPH and ATP. NADPH, 

a source of electrons, acts as “reducing power” that can be 
passed along to an electron acceptor, reducing it, while ATP 
is the versatile energy currency of cells. Notice that the light 
reactions produce no sugar; that happens in the second stage 
of photosynthesis, the Calvin cycle. 

The Calvin cycle is named for Melvin Calvin, who, 
along with his colleagues James Bassham and Andrew 
Benson, began to elucidate its steps in the late 1940s. The 
cycle begins by incorporating CO, from the air into organic 
molecules already present in the chloroplast. This initial 
incorporation of carbon into organic compounds is known 
as carbon fixation. The Calvin cycle then reduces the fixed 
carbon to carbohydrate by the addition of electrons. The 
reducing power is provided by NADPH, which acquired its 
cargo of electrons in the light reactions. To convert CO, to 
carbohydrate, the Calvin cycle also requires chemical energy 


Chloroplast 


[CH,0] 
(sugar) 
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in the form of ATP, which is also generated by the light reac- 
tions. Thus, it is the Calvin cycle that makes sugar, but it can 
do so only with the help of the NADPH and ATP produced by 
the light reactions. The metabolic steps of the Calvin cycle 
are sometimes referred to as the dark reactions, or light- 
independent reactions, because none of the steps requires 
light directly. Nevertheless, the Calvin cycle in most plants 
occurs during daylight, for only then can the light reactions 
provide the NADPH and ATP that the Calvin cycle requires. 
In essence, the chloroplast uses light energy to make sugar 
by coordinating the two stages of photosynthesis. 

As Figure 10.6 indicates, the thylakoids of the chloroplast 
are the sites of the light reactions, while the Calvin cycle 
occurs in the stroma. On the outside of the thylakoids, mol- 
ecules of NADP” and ADP pick up electrons and phosphate, 
respectively, and NADPH and ATP are then released to the 
stroma, where they play crucial roles in the Calvin cycle. The 
two stages of photosynthesis are treated in this figure as meta- 
bolic modules that take in ingredients and crank out products. 
In the next two sections, we’ll look more closely at how the 
two stages work, beginning with the light reactions. 


CONCEPT CHECK 10.1_ - = 


1. MAKE CONNECTIONS > How do the CO, molecules 
used in photosynthesis reach and enter the chloroplasts 
inside leaf cells? (See Concept 7.2.) 


2. Explain how the use of an oxygen isotope helped eluci- 
date the chemistry of photosynthesis. 


3. WHAT IF? > The Calvin cycle requires ATP and NADPH, 
products of the light reactions. If a classmate asserted 
that the light reactions don’t depend on the Calvin cycle 
and, with continual light, could just keep on producing 
ATP and NADPH, how would you respond? 


For suggested answers, see Appendix A. 


CONCEPT 10.2 


The light reactions convert solar 
energy to the chemical energy 
of ATP and NADPH 


Chloroplasts are chemical factories powered by the sun. 
Their thylakoids transform light energy into the chemical 
energy of ATP and NADPH, which will be used to synthe- 
size glucose and other molecules that can be used as energy 
sources. To better understand the conversion of light to 
chemical energy, we need to know about some important 
properties of light. 


The Nature of Sunlight 


Light is a form of energy known as electromagnetic energy, 
also called electromagnetic radiation. Electromagnetic energy 
travels in rhythmic waves analogous to those created by 
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V Figure 10.7 The electromagnetic spectrum. White light is a 
mixture of all wavelengths of visible light. A prism can sort white light 
into its component colors by bending light of different wavelengths 
at different angles. (Droplets of water in the atmosphere can act as 
prisms, causing a rainbow to form.) Visible light drives photosynthesis. 
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dropping a pebble into a pond. Electromagnetic waves, how- 
ever, are disturbances of electric and magnetic fields rather 
than disturbances of a material medium such as water. 

The distance between the crests of electromagnetic waves 
is called the wavelength. Wavelengths range from less 
than a nanometer (for gamma rays) to more than a kilome- 
ter (for radio waves). This entire range of radiation is known 
as the electromagnetic spectrum (Figure 10.7). The seg- 
ment most important to life is the narrow band from about 
380 nm to 750 nm in wavelength. This radiation is known 
as visible light because it can be detected as various colors 
by the human eye. 

The model of light as waves explains many of light’s 
properties, but in certain respects light behaves as though it 
consists of discrete particles, called photons. Photons are 
not tangible objects, but they act like objects in that each of 
them has a fixed quantity of energy. The amount of energy is 
inversely related to the wavelength of the light: The shorter 
the wavelength, the greater the energy of each photon of 
that light. Thus, a photon of violet light packs nearly twice as 
much energy as a photon of red light (see Figure 10.7). 

Although the sun radiates the full spectrum of electromag- 
netic energy, the atmosphere acts like a selective window, 
allowing visible light to pass through while screening out a 
substantial fraction of other radiation. The part of the spec- 
trum we can see—visible light—is also the radiation that 
drives photosynthesis. 


Photosynthetic Pigments: 
The Light Receptors 


When light meets matter, it may be reflected, transmitted, or 
absorbed. Substances that absorb visible light are known as 


V Figure 10.8 Why leaves are green: interaction of light with 
chloroplasts. The chlorophyll molecules of chloroplasts absorb violet- 
blue and red light (the colors most effective in driving photosynthesis) 
and reflect or transmit green light. This is why leaves appear green. 


Transmitted 
light 


Animation: Light Energy and Pigments 


pigments. Different pigments absorb light of different wave- 
lengths, and the wavelengths that are absorbed disappear. 

If a pigment is illuminated with white light, the color we 

see is the color most reflected or transmitted by the pigment. 
(If a pigment absorbs all wavelengths, it appears black.) We 
see green when we look at a leaf because chlorophyll absorbs 
violet-blue and red light while transmitting and reflecting 
green light (Figure 10.8). The ability of a pigment to absorb 
various wavelengths of light can be measured with an instru- 
ment called a spectrophotometer. This machine directs 
beams of light of different wavelengths through a solution of 
the pigment and measures the fraction of the light transmit- 
ted at each wavelength. A graph plotting a pigment’s light 
absorption versus wavelength is called an absorption 
spectrum (Figure 10.9). 

The absorption spectra of chloroplast pigments provide 
clues to the relative effectiveness of different wavelengths 
for driving photosynthesis, since light can perform work 
in chloroplasts only if it is absorbed. Figure 10.10a shows 
the absorption spectra of three types of pigments in chlo- 
roplasts: chlorophyll a, the key light-capturing pigment 
that participates directly in the light reactions; the accessory 
pigment chlorophyll b; and a separate group of accessory 
pigments called carotenoids. The spectrum of chlorophyll a 
suggests that violet-blue and red light work best for photo- 
synthesis, since they are absorbed, while green is the least 
effective color. This is confirmed by an action spectrum for 


Y Figure 10.9 


Research Method Determining an Absorption 
Spectrum 


Application An absorption spectrum is a visual representation of 
how well a particular pigment absorbs different wavelengths of visible 
light. Absorption spectra of various chloroplast pigments help scien- 
tists decipher the role of each pigment in a plant. 


Technique A spectrophotometer measures the relative amounts of 
light of different wavelengths absorbed and transmitted by a pigment 
solution. 


@ White light is separated into colors (wavelengths) by a prism. 


@ One by one, the different colors of light are passed through the 
sample (chlorophyll in this example). Green light and blue light 
are shown here. 


© The transmitted light strikes a photoelectric tube, which converts 
the light energy to electricity. 


@ The electric current is measured by a galvanometer. The meter 
indicates the fraction of light transmitted through the sample, 
from which we can determine the amount of light absorbed. 


Refracting Chlorophyll Photoelectric 
prism solution tube 


White 
light 
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Slit movesto Green (low absorption) 

pass light light reading indicates that 
of selected chlorophyll absorbs 
wavelength. very little green light. 


SQ 
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The low transmittance 


Blue (high absorption) 

light reading indicates that 
chlorophyll absorbs 
most blue light. 


Results See Figure 10.10a for absorption spectra of three types 
of chloroplast pigments. 


photosynthesis (Figure 10.10b), which profiles the relative 
effectiveness of different wavelengths of radiation in driving 
the process. An action spectrum is prepared by illuminating 
chloroplasts with light of different colors and then plotting 
wavelength against some measure of photosynthetic rate, 
such as CO, consumption or O, release. The action spectrum 
for photosynthesis was first demonstrated by Theodor W. 
Engelmann, a German botanist, in 1883. Before equipment 
for measuring O, levels had even been invented, Engelmann 
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Y Figure 10.10 


Inquiry Which wavelengths of light are most 
effective in driving photosynthesis? 


Experiment Absorption and action spectra, along with a classic 
experiment by Theodor W. Engelmann, reveal which wavelengths 
of light are photosynthetically important. 


Results 
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(a) Absorption spectra. The three curves show the wavelengths of light 
best absorbed by three types of chloroplast pigments. 


Rate of photosynthesis 
(measured by O, release) 


400 500 


(b) Action spectrum. This graph plots the rate of photosynthesis 
versus wavelength. The resulting action spectrum resembles the 
absorption spectrum for chlorophyll a but does not match exactly 
(see part a). This is partly due to the absorption of light by accessory 
pigments such as chlorophyll b and carotenoids. 


(c) Engelmann’s experiment. In 1883, Theodor W. Engelmann 
illuminated a filamentous alga with light that had been passed 
through a prism, exposing different segments of the alga to different 
wavelengths. He used aerobic bacteria, which congregate near an 
oxygen source, to determine which segments of the alga were 
releasing the most O, and thus photosynthesizing most. Bacteria 
congregated in greatest numbers around the parts of the alga 
illuminated with violet-blue or red light. 


Conclusion The action spectra, confirmed by Engelmann’s 
experiment, show which portions of the spectrum are most 

effective in driving photosynthesis. 

Data from T. W. Engelmann, Bacterium photometricum. Ein Beitrag zur vergleichenden 
Physiologie des Licht-und Farbensinnes, Archiv. für Physiologie 30:95-124 (1883). 
Instructors: A related Experimental Inquiry Tutorial can be 
assigned in MasteringBiology. 


INTERPRET THE DATA > According to the graph, which wavelengths of 
light drive the highest rates of photosynthesis? 
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performed a clever experiment in which he used bacteria 
to measure rates of photosynthesis in filamentous algae 
(Figure 10.10c). His results are a striking match to the mod- 
ern action spectrum shown in Figure 10.10b. 

Notice by comparing Figures 10.10a and 10.10b that the 
action spectrum for photosynthesis is much broader than 
the absorption spectrum of chlorophyll a. The absorption 
spectrum of chlorophyll a alone underestimates the effective- 
ness of certain wavelengths in driving photosynthesis. This is 
partly because accessory pigments with different absorption 
spectra also present in chloroplasts—including chlorophyll b 
and carotenoids—broaden the spectrum of colors that can be 
used for photosynthesis. Figure 10.11 shows the structure of 
chlorophyll a compared with that of chlorophyll b. A slight 
structural difference between them is enough to cause the 
two pigments to absorb at slightly different wavelengths in 
the red and blue parts of the spectrum (see Figure 10.10a). As 
a result, chlorophyll a appears blue green and chlorophyll b 
olive green under visible light. 

Other accessory pigments include carotenoids, hydro- 
carbons that are various shades of yellow and orange because 
they absorb violet and blue-green light (see Figure 10.10a). 
Carotenoids may broaden the spectrum of colors that can 


CHJ in chlorophyll a 
‘CHO in chlorophyll b 


Porphyrin ring: 
light-absorbing 
“head” of molecule; 
note magnesium 
atom at center 


Hydrocarbon tail: 
interacts with hydrophobic 
regions of proteins inside 
thylakoid membranes of 
chloroplasts; H atoms not 
shown 


a 


A Figure 10.11 Structure of chlorophyll molecules in 
chloroplasts of plants. Chlorophyll a and chlorophyll b differ 
in only one of the functional groups bonded to the porphyrin ring. 
(Also see the space-filling model of chlorophyll in Figure 1.3.) 


Animation: Space-Filling Model of Chlorophyll 


drive photosynthesis. However, a more important function 
of at least some carotenoids seems to be photoprotection: These 
compounds absorb and dissipate excessive light energy that 
would otherwise damage chlorophyll or interact with oxy- 
gen, forming reactive oxidative molecules that are dangerous 
to the cell. Interestingly, carotenoids similar to the photopro- 
tective ones in chloroplasts have a photoprotective role in the 
human eye. (Carrots, known for aiding night vision, are rich 
in carotenoids.) These and related molecules are, of course, 
found naturally in many vegetables and fruits. They are also 
often advertised in health food products as “phytochemicals” 
(from the Greek phyton, plant), some of which have antioxi- 
dant properties. Plants can synthesize all the antioxidants 
they require, but humans and other animals must obtain 
some of them from their diets. 


Excitation of Chlorophyll by Light 


What exactly happens when chlorophyll and other pig- 
ments absorb light? The colors corresponding to the 
absorbed wavelengths disappear from the spectrum of the 
transmitted and reflected light, but energy cannot disap- 
pear. When a molecule absorbs a photon of light, one of 
the molecule’s electrons is elevated to an orbital where 

it has more potential energy (see Figure 2.6b). When the 
electron is in its normal orbital, the pigment molecule is 
said to be in its ground state. Absorption of a photon boosts 
an electron to an orbital of higher energy, and the pig- 
ment molecule is then said to be in an excited state. The 
only photons absorbed are those whose energy is exactly 
equal to the energy difference between the ground state 
and an excited state, and this energy difference varies from 
one kind of molecule to another. Thus, a particular com- 
pound absorbs only photons corresponding to specific 


> Figure 10.12 Excitation of isolated 
chlorophyll by light. (a) Absorption of a A 
photon causes a transition of the chlorophyll 
molecule from its ground state to its excited 
state. The photon boosts an electron to an 
orbital where it has more potential energy. 

If the illuminated molecule exists in isolation, 

its excited electron immediately drops back 
down to the ground-state orbital, and its excess 
energy is given off as heat and fluorescence 
(light). (b) A chlorophyll solution excited with 
ultraviolet light fluoresces with a red-orange 
glow. 

WHAT IF? > /f a leaf containing the same 
concentration of chlorophyll as in the solution was 
exposed to the same ultraviolet light, no fluorescence 
would be seen. Propose an explanation for the 
difference in fluorescence emission between the 
solution and the leaf. 


Energy of electron 


Photon 


(a) Excitation of isolated chlorophyll molecule 


Chlorophyll state 
molecule 


wavelengths, which is why each pigment has a unique 
absorption spectrum. 

Once absorption of a photon raises an electron to an 
excited state, the electron cannot stay there long. The 
excited state, like all high-energy states, is unstable. 
Generally, when isolated pigment molecules absorb light, 
their excited electrons drop back down to the ground-state 
orbital in a billionth of a second, releasing their excess 
energy as heat. This conversion of light energy to heat is 
what makes the top of an automobile so hot on a sunny day. 
(White cars are coolest because their paint reflects all wave- 
lengths of visible light.) In isolation, some pigments, includ- 
ing chlorophyll, emit light as well as heat after absorbing 
photons. As excited electrons fall back to the ground state, 
photons are given off, an afterglow called fluorescence. An 
illuminated solution of chlorophyll isolated from chloro- 
plasts will fluoresce in the red part of the spectrum and also 
give off heat (Figure 10.12). This is best seen by illuminating 
with ultraviolet light, which chlorophyll can also absorb 
(see Figures 10.7 and 10.10a). Viewed under visible light, 
the fluorescence would be difficult to see against the green 
of the solution. 


A Photosystem: A Reaction-Center 
Complex Associated with Light-Harvesting 
Complexes 


Chlorophyll molecules excited by the absorption of light 
energy produce very different results in an intact chloro- 
plast than they do in isolation (see Figure 10.12). In their 
native environment of the thylakoid membrane, chlo- 
tophyll molecules are organized along with other small 
organic molecules and proteins into complexes called 
photosystems. 


Heat 


Photon 
(fluorescence) 


Ground 


(b) Fluorescence 
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A photosystem is composed of a reaction-center com- 
plex surrounded by several light-harvesting complexes 
(Figure 10.13). The reaction-center complex is an 


Y Figure 10.13 The structure and function of a photosystem. 
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Thylakoid 


Photosystem STROMA 


Photon 


Primary 
electron 
acceptor 


Light-harvesting Reaction- 
complexes center complex, 


Thylakoid membrane 


(a) How a photosystem harvests light. When a photon strikes a pig- 
ment molecule in a light-harvesting complex, the energy is passed 
from molecule to molecule until it reaches the reaction-center com- 
plex. Here, an excited electron from the special pair of chlorophyll a 
molecules is transferred to the primary electron acceptor. 


Chlorophyll (green) STROMA 


Thylakoid membrane 


(b) Structure of a photosystem. This computer model, based on 
X-ray crystallography, shows two photosystem complexes side by 
side. Chlorophyll molecules (bright green ball-and-stick models 
within the membrane; the tails are not shown) are interspersed 
with protein subunits (purple ribbons; notice the many œ helices 
spanning the membrane). For simplicity, a photosystem will be 
shown as a single complex in the rest of the chapter. 
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organized association of proteins holding a special pair of 
chlorophyll a molecules and a primary electron acceptor. 
Each light-harvesting complex consists of various pig- 
ment molecules (which may include chlorophyll a, chloro- 
phyll b, and multiple carotenoids) bound to proteins. The 
number and variety of pigment molecules enable a photo- 
system to harvest light over a larger surface area and a larger 
portion of the spectrum than could any single pigment mol- 
ecule alone. Together, these light-harvesting complexes act 

as an antenna for the reaction-center complex. When a pig- 
ment molecule absorbs a photon, the energy is transferred 
from pigment molecule to pigment molecule within a light- 
harvesting complex, like a human “wave” at a sports arena, 
until it is passed to the pair of chlorophyll a molecules in 
the reaction-center complex. The pair of chlorophyll a mol- 
ecules in the reaction-center complex are special because their 
molecular environment—their location and the other mol- 
ecules with which they are associated—enables them to use 
the energy from light not only to boost one of their electrons 
toa higher energy level, but also to transfer it to a different 
molecule—the primary electron acceptor, which is a mol- 
ecule capable of accepting electrons and becoming reduced. 

The solar-powered transfer of an electron from the reaction- 
center chlorophyll a pair to the primary electron acceptor is the 
first step of the light reactions. As soon as the chlorophyll elec- 
tron is excited to a higher energy level, the primary electron 
acceptor captures it; this is a redox reaction. In the flask shown 
in Figure 10.12b, isolated chlorophyll fluoresces because there 
is no electron acceptor, so electrons of photoexcited chloro- 
phyll drop right back to the ground state. In the structured 
environment of a chloroplast, however, an electron acceptor 
is readily available, and the potential energy represented by 
the excited electron is not dissipated as light and heat. Thus, 
each photosystem—a reaction-center complex surrounded by 
light-harvesting complexes—functions in the chloroplast as 
a unit. It converts light energy to chemical energy, which will 
ultimately be used for the synthesis of sugar. 

The thylakoid membrane is populated by two types of pho- 
tosystems that cooperate in the light reactions of photosyn- 
thesis: photosystem II (PS II) and photosystem I (PSI). 
(They were named in order of their discovery, but photosystem 
I functions first in the light reactions.) Each has a characteristic 
reaction-center complex—a particular kind of primary electron 
acceptor next to a special pair of chlorophyll a molecules associ- 
ated with specific proteins. The reaction-center chlorophyll a 
of photosystem II is known as P680 because this pigment is best 
at absorbing light having a wavelength of 680 nm (in the red 
part of the spectrum). The chlorophyll a at the reaction-center 
complex of photosystem I is called P700 because it most effec- 
tively absorbs light of wavelength 700 nm (in the far-red part of 
the spectrum). These two pigments, P680 and P700, are nearly 
identical chlorophyll a molecules. However, their association 
with different proteins in the thylakoid membrane affects the 


back to its ground state, an electron in a nearby pigment 
molecule is simultaneously raised to an excited state. 
The process continues, with the energy being relayed to 
other pigment molecules until it reaches the P680 pair 
of chlorophyll a molecules in the PS II reaction-center 
complex. It excites an electron in this pair of chlorophylls 
to a higher energy state. 

© This electron is transferred from the excited P680 to the 

Light drives the synthesis of ATP and NADPH by energizing primary electron acceptor. We can refer to the resulting 


the two types of photosystems embedded in the thylakoid form of P680, missing the negative charge of an electron, 
membranes of chloroplasts. The key to this energy transfor- as P680". 


mation is a flow of electrons through the photosystems and 

other molecular components built into the thylakoid mem- 8 
brane. This is called linear electron flow, and it occurs 

during the light reactions of photosynthesis, as shown in 

Figure 10.14. The numbered steps in the text correspond 

to the numbered steps in the figure. 


electron distribution in the two pigments and accounts for the 
slight differences in their light-absorbing properties. Now let’s 

see how the two types of photosystems work together in using 
light energy to generate ATP and NADPH, the two main prod- 

ucts of the light reactions. 


Linear Electron Flow 


An enzyme catalyzes the splitting of a water molecule into 
two electrons, two hydrogen ions (H"), and an oxygen 
atom. The electrons are supplied one by one to the P680* 
pair, each electron replacing one transferred to the primary 
electron acceptor. (P680" is the strongest biological oxidiz- 
ing agent known, its electron “hole” must be filled. This 


@ A photon of light strikes one of the pigment molecules 
ina light-harvesting complex of PS II, boosting one of its 
electrons to a higher energy level. As this electron falls 


greatly facilitates the transfer of electrons from the split 
water molecule.) The H’ are released into the thyla- 
koid space (interior of the thylakoid). The oxygen atom 


Y Figure 10.14 How linear electron flow during the light 
reactions generates ATP and NADPH. The gold arrows trace 

the flow of light-driven electrons from water to NADPH. The black 
arrows trace the transfer of energy from pigment molecule to pigment 
molecule. 
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immediately combines with an oxygen atom generated by 
the splitting of another water molecule, forming O3. 


Each photoexcited electron passes from the primary 
electron acceptor of PS II to PS I via an electron transport 
chain, the components of which are similar to those of 
the electron transport chain that functions in cellular 
respiration. The electron transport chain between PS II 
and PS I is made up of the electron carrier plastoquinone 
(Pq), a cytochrome complex, and a protein called plasto- 
cyanin (Pc). Each component carries out redox reactions 
as electrons flow down the electron transport chain, re- 
leasing free energy that is used to pump protons (H*) into 
the thylakoid space, contributing to a proton gradient 
across the thylakoid membrane. 


The potential energy stored in the proton gradient is 
used to make ATP in a process called chemiosmosis, 
to be discussed shortly. 


Meanwhile, light energy has been transferred via light- 
harvesting complex pigments to the PS I reaction-center 
complex, exciting an electron of the P700 pair of chloro- 
phyll a molecules located there. The photoexcited electron 
is then transferred to PS I’s primary electron acceptor, 
creating an electron “hole” in the P700—which we now 
can call P700~. In other words, P700* can now act as an 
electron acceptor, accepting an electron that reaches the 
bottom of the electron transport chain from PS II. 


Photoexcited electrons are passed in a series of redox 
reactions from the primary electron acceptor of PS I 
down a second electron transport chain through the 
protein ferredoxin (Fd). (This chain does not create 

a proton gradient and thus does not produce ATP.) 


The enzyme NADP” reductase catalyzes the transfer of 
electrons from Fd to NADP’. Two electrons are required 
for its reduction to NADPH. Electrons in NADPH are 

at a higher energy level than they are in water (where 
they started), so they are more readily available for the 
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V Figure 10.15 A mechanical analogy for linear electron 
flow during the light reactions. 


reactions of the Calvin cycle. This process also removes 
an H* from the stroma. 


The energy changes of electrons during their linear flow 
through the light reactions are shown in a mechanical analogy 
in Figure 10.15. Although the scheme shown in Figures 10.14 
and 10.15 may seem complicated, do not lose track of the big 
picture: The light reactions use solar power to generate ATP 
and NADPH, which provide chemical energy and reducing 
power, respectively, to the carbohydrate-synthesizing reac- 
tions of the Calvin cycle. 


Cyclic Electron Flow 


In certain cases, photoexcited electrons can take an alterna- 
tive path called cyclic electron flow, which uses photo- 
system I but not photosystem II. You can see in Figure 10.16 
that cyclic flow is a short circuit: The electrons cycle back 
from ferredoxin (Fd) to the cytochrome complex, then 


< Figure 10.16 Cyclic electron flow. 
Photoexcited electrons from PS | are occasionally 
shunted back from ferredoxin (Fd) to chlorophyll 
via the cytochrome complex and plastocyanin (Pc). 
This electron shunt supplements the supply of 
ATP (via chemiosmosis) but produces no NADPH. 
The “shadow” of linear electron flow is included 
N in the diagram for comparison with the cyclic 
“ADI | route. The two Fd molecules in this diagram are 
actually one and the same—the final electron 
carrier in the electron transport chain of PS I— 
although it is depicted twice to clearly show its 
role in two parts of the process. 


VISUAL SKILLS > Look at Figure 10.15 and 
explain how you would alter it to show a mechanical 
analogy for cyclic electron flow. 


via a plastocyanin molecule (Pc) to a P700 chlorophyll in the 
PS I reaction-center complex. There is no production of 
NADPH and no release of oxygen that results from this pro- 
cess. On the other hand, cyclic flow does generate ATP. 

Rather than having both PS II and PS I, several of the cur- 
rently existing groups of photosynthetic bacteria are known 
to have a single photosystem related to either PS II or PS I. For 
these species, which include the purple sulfur bacteria (see 
Figure 10.2e) and the green sulfur bacteria, cyclic electron 
flow is the one and only means of generating ATP during the 
process of photosynthesis. Evolutionary biologists hypoth- 
esize that these bacterial groups are descendants of ancestral 
bacteria in which photosynthesis first evolved, in a form 
similar to cyclic electron flow. 

Cyclic electron flow can also occur in photosynthetic 
species that possess both photosystems; this includes some 
prokaryotes, such as the cyanobacteria shown in Figure 10.2d, 
as well as the eukaryotic photosynthetic species that have 
been tested thus far. Although the process is probably in part 

n “evolutionary leftover,” research suggests it plays at least 
one beneficial role for these organisms. Plants with mutations 
that render them unable to carry out cyclic electron flow are 
capable of growing well in low light, but do not grow well 
where light is intense. This is evidence for the idea that cyclic 
electron flow may be photoprotective. Later you’ll learn more 
about cyclic electron flow as it relates to a particular adapta- 
tion of photosynthesis (C, plants; see Concept 10.4). 

Whether ATP synthesis is driven by linear or cyclic elec- 
tron flow, the actual mechanism is the same. Before we move 
on to consider the Calvin cycle, let’s review chemiosmosis, 
the process that uses membranes to couple redox reactions 
to ATP production. 


> Figure 10.17 Comparison of 
chemiosmosis in mitochondria and 
chloroplasts. In both kinds of organelles, 
electron transport chains pump protons (H') 
across a membrane from a region of low H* 
concentration (light gray in this diagram) to one 
of high H* concentration (dark gray). The protons 
then diffuse back across the membrane through 
ATP synthase, driving the synthesis of ATP. 
MAKE CONNECTIONS > Describe how you would 
change the pH in order to artificially cause ATP synthesis 
(a) outside an isolated mitochondrion (assume H* can 
freely cross the outer membrane; see Figure 9.15) 

and (b) in the stroma of a chloroplast. Explain. 
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A Comparison of Chemiosmosis 
in Chloroplasts and Mitochondria 


Chloroplasts and mitochondria generate ATP by the same 
basic mechanism: chemiosmosis (see Figure 9.15). An elec- 
tron transport chain pumps protons (H*) across a membrane 
as electrons are passed through a series of carriers that are 
progressively more electronegative. Thus, electron transport 
chains transform redox energy to a proton-motive force, 
potential energy stored in the form of an H* gradient across a 
membrane. An ATP synthase complex in the same membrane 
couples the diffusion of hydrogen ions down their gradient to 
the phosphorylation of ADP, forming ATP. 

Some of the electron carriers, including the iron-containing 
proteins called cytochromes, are very similar in chloroplasts 
and mitochondria. The ATP synthase complexes of the two 
organelles are also quite similar. But there are noteworthy 
differences between photophosphorylation in chloroplasts 
and oxidative phosphorylation in mitochondria. Both work 
by way of chemiosmosis, but in chloroplasts, the high-energy 
electrons dropped down the transport chain come from water, 
while in mitochondria, they are extracted from organic mol- 
ecules (which are thus oxidized). Chloroplasts do not need 
molecules from food to make ATP; their photosystems capture 
light energy and use it to drive the electrons from water to the 
top of the transport chain. In other words, mitochondria use 
chemiosmosis to transfer chemical energy from food mol- 
ecules to ATP, whereas chloroplasts use it to transform light 
energy into chemical energy in ATP. 

Although the spatial organization of chemiosmosis differs 
slightly between chloroplasts and mitochondria, it is easy to see 
similarities in the two (Figure 10.17). Electron transport chain 
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proteins in the inner membrane of the mitochondrion pump comparable spaces in the two organelles, while the mitochon- 


protons from the mitochondrial matrix out to the intermem- drial matrix is analogous to the stroma of the chloroplast. 
brane space, which then serves as a reservoir of hydrogen ions. In the mitochondrion, protons diffuse down their con- 
Similarly, electron transport chain proteins in the thylakoid centration gradient from the intermembrane space through 
membrane of the chloroplast pump protons from the stroma ATP synthase to the matrix, driving ATP synthesis. In the 
into the thylakoid space (interior of the thylakoid), which func- chloroplast, ATP is synthesized as the hydrogen ions diffuse 
tions as the H” reservoir. If you imagine the cristae of mitochon- from the thylakoid space back to the stroma through ATP 
dria pinching off from the inner membrane, this may help you synthase complexes (Figure 10.18), whose catalytic knobs are 
see how the thylakoid space and the intermembrane space are on the stroma side of the membrane. Thus, ATP forms in the 
Y Figure 10.18 The light reactions on the side of the membrane facing the pumped from the stroma into the thylakoid 
and chemiosmosis: Current model thylakoid space; @ as plastoquinone (Pq) space, as in Figure 10.17. The diffusion of H* 
of the organization of the thylakoid transfers electrons to the cytochrome complex, from the thylakoid space back to the stroma 
membrane. The gold arrows track the linear four protons are translocated across the (along the H* concentration gradient) powers 
electron flow outlined in Figure 10.14. At least membrane into the thylakoid space; and the ATP synthase. These light-driven reactions 
three steps in the light reactions contribute © a hydrogen ion is removed from the store chemical energy in NADPH and ATP, 

to the H* gradient across the thylakoid stroma when it is taken up by NADP*. Notice which shuttle the energy to the carbohydrate- 
membrane: @ Water is split by photosystem II that in step 2, hydrogen ions are being producing Calvin cycle. 
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stroma, where it is used to help drive sugar synthesis during 
the Calvin cycle. 

The proton (H*) gradient, or pH gradient, across the 
thylakoid membrane is substantial. When chloroplasts 
in an experimental setting are illuminated, the pH in the 
thylakoid space drops to about 5 (the H* concentration 
increases), and the pH in the stroma increases to about 8 
(the H* concentration decreases). This gradient of three pH 
units corresponds to a thousandfold difference in H' con- 
centration. If the lights are then turned off, the pH gradient 
is abolished, but it can quickly be restored by turning the 
lights back on. Experiments such as this provided strong 
evidence in support of the chemiosmotic model. 

The currently accepted model for the organization of the 
light-reaction “machinery” within the thylakoid membrane 
is based on several research studies. Each of the molecules 
and molecular complexes in the figure is present in numerous 
copies in each thylakoid. Notice that NADPH, like ATP, is pro- 
duced on the side of the membrane facing the stroma, where 
the Calvin cycle reactions take place. 

Let’s summarize the light reactions. Electron flow pushes 
electrons from water, where they are at a state of low poten- 
tial energy, ultimately to NADPH, where they are stored at a 
state of high potential energy. The light-driven electron flow 
also generates ATP. Thus, the equipment of the thylakoid 
membrane converts light energy to chemical energy stored in 
ATP and NADPH. Oxygen is produced as a by-product. Let’s 
now see how the Calvin cycle uses the products of the light 
reactions to synthesize sugar from CO,. 


BioFlix® Animation: The Light Reactions 


CONCEPT CHECK 10.2 
1. What color of light is least effective in driving photosyn- 
thesis? Explain. 


2. In the light reactions, what is the initial electron donor? 
Where do the electrons finally end up? 


3. WHAT IF? > In an experiment, isolated chloroplasts 
placed in an illuminated solution with the appropri- 
ate chemicals can carry out ATP synthesis. Predict what 
would happen to the rate of synthesis if a compound 
is added to the solution that makes membranes freely 
permeable to hydrogen ions. 


For suggested answers, see Appendix A 


CONCEPT 10,3 


The Calvin cycle uses the chemical 
energy of ATP and NADPH to reduce 
CO, to sugar 


The Calvin cycle is similar to the citric acid cycle in that a 
starting material is regenerated after some molecules enter 


and others exit the cycle. However, the citric acid cycle is 
catabolic, oxidizing acetyl CoA and using the energy to syn- 
thesize ATP, while the Calvin cycle is anabolic, building car- 
bohydrates from smaller molecules and consuming energy. 
Carbon enters the Calvin cycle in the form of CO, and leaves 
in the form of sugar. The cycle spends ATP as an energy 
source and consumes NADPH as reducing power for adding 
high-energy electrons to make the sugar. 

As we mentioned in Concept 10.1, the carbohydrate 
produced directly from the Calvin cycle is not glucose. It 
is actually a three-carbon sugar called glyceraldehyde 
3-phosphate (G3P). For the net synthesis of one molecule 
of G3P, the cycle must take place three times, fixing three 
molecules of CO,—one per turn of the cycle. (Recall that the 
term carbon fixation refers to the initial incorporation of CO, 
into organic material.) As we trace the steps of the Calvin 
cycle, keep in mind that we are following three molecules of 
CO, through the reactions. Figure 10.19 divides the Calvin 
cycle into three phases: carbon fixation, reduction, and 
regeneration of the CO, acceptor. 


Phase 1: Carbon fixation. The Calvin cycle incorporates 
each CO, molecule, one at a time, by attaching it to a five- 
carbon sugar named ribulose bisphosphate (abbreviated 
RuBP). The enzyme that catalyzes this first step is RuBP 
carboxylase-oxygenase, or rubisco. (This is the most abun- 
dant protein in chloroplasts and is also thought to be the 
most abundant protein on Earth.) The product of the reac- 
tion is a six-carbon intermediate that is short-lived because 
it is so energetically unstable that it immediately splits 

in half, forming two molecules of 3-phosphoglycerate 

(for each CO, fixed). 


Phase 2: Reduction. Each molecule of 3-phosphoglycerate 
receives an additional phosphate group from ATP, becoming 
1,3-bisphosphoglycerate. Next, a pair of electrons donated 
from NADPH reduces 1,3-bisphosphoglycerate, which also 
loses a phosphate group in the process, becoming glyceral- 
dehyde 3-phosphate (G3P). Specifically, the electrons from 
NADPH reduce a carboyxl group on 1,3-bisphosphoglycerate 
to the aldehyde group of G3P, which stores more potential 
energy. G3P is a sugar—the same three-carbon sugar formed 
in glycolysis by the splitting of glucose (see Figure 9.9). 
Notice in Figure 10.19 that for every three molecules of CO, 
that enter the cycle, there are six molecules of G3P formed. 
But only one molecule of this three-carbon sugar can be 
counted as a net gain of carbohydrate because the rest are 
required to complete the cycle. The cycle began with 15 car- 
bons’ worth of carbohydrate in the form of three molecules 
of the five-carbon sugar RuBP. Now there are 18 carbons’ 
worth of carbohydrate in the form of six molecules of G3P. 
One molecule exits the cycle to be used by the plant cell, 

but the other five molecules must be recycled to regenerate 
the three molecules of RuBP. 
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A Figure 10.19 The Calvin cycle. This diagram summarizes three 
turns of the cycle, tracking carbon atoms (gray balls). The three phases of 
the cycle correspond to the phases discussed in the text. For every three 
molecules of CO, that enter the cycle, the net output is one molecule of 
glyceraldehyde 3-phosphate (G3P), a three-carbon sugar. The light reactions 


sustain the Calvin cycle by regenerating the required ATP and NADPH. 


Animation: The Calvin Cycle 
BioFlix® Animation: The Calvin Cycle 


Phase 3: Regeneration of the CO, acceptor (RuBP). 
In a complex series of reactions, the carbon skeletons of 
five molecules of G3P are rearranged by the last steps of the 
Calvin cycle into three molecules of RuBP. To accomplish 
this, the cycle spends three more molecules of ATP. The 
RuBP is now prepared to receive CO, again, and the cycle 
continues. 


For the net synthesis of one G3P molecule, the Calvin cycle 
consumes a total of nine molecules of ATP and six molecules of 
NADPH. The light reactions regenerate the ATP and NADPH. 
The G3P spun off from the Calvin cycle becomes the starting 
material for metabolic pathways that synthesize other organic 
compounds, including glucose (from two molecules of G3P), 
the disaccharide sucrose, and other carbohydrates. Neither 
the light reactions nor the Calvin cycle alone can make sugar 
from CO,. Photosynthesis is an emergent property of the intact 
chloroplast, which integrates the two stages of photosynthesis. 
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Glucose and 
other organic 
compounds 


Output 


CONCEPT CHECK 10.3 00202020 = — 


1. To synthesize one glucose molecule, the Calvin cycle uses 
molecules of CO,, molecules of ATP, 
and molecules of NADPH. 

2. How are the large numbers of ATP and NADPH molecules 
used during the Calvin cycle consistent with the high 
value of glucose as an energy source? 

3. WHAT IF? > Explain why a poison that inhibits an 
enzyme of the Calvin cycle will also inhibit the light 
reactions. 

4. DRAW IT > Redraw the cycle in Figure 10.19 using 
numerals to indicate the numbers of carbons instead of 
gray balls, multiplying at each step to ensure that you 
have accounted for all the carbons. In what forms do the 
carbon atoms enter and leave the cycle? 

5. MAKE CONNECTIONS > Review Figures 9.9 and 10.19. 
Discuss the roles of intermediate and product played by 
glyceraldehyde 3-phosphate (G3P) in the two processes 
shown in these figures. 


For suggested answers, see Appendix A. 


CONCEPT 10.4 


Alternative mechanisms of carbon 
fixation have evolved in hot, 
arid climates 


Ever since plants first moved onto land about 
475 million years ago, they have been adapting to the prob- 
lems of terrestrial life, particularly the problem of dehydration. 
In Concept 36.4, we will consider anatomical adaptations 

that help plants conserve water, while in this chapter we are 
concerned with metabolic adaptations. The solutions often in- 
volve trade-offs. An important example is the balance between 
photosynthesis and the prevention of excessive water loss from 
the plant. The CO, required for photosynthesis enters a leaf 
(and the resulting O, exits) via stomata, the pores on the leaf 
surface (see Figure 10.4). However, stomata are also the main 
avenues of transpiration, the evaporative loss of water from 
leaves. On a hot, dry day, most plants close their stomata, a 
response that conserves water but also reduces CO, levels. With 
stomata even partially closed, CO, concentrations begin to 
decrease in the air spaces within the leaf, and the concentra- 
tion of O, released from the light reactions begins to increase. 
These conditions within the leaf favor an apparently wasteful 
process called photorespiration. 


Photorespiration: An Evolutionary Relic? 


In most plants, initial fixation of carbon occurs via rubisco, 

the Calvin cycle enzyme that adds CO, to ribulose bisphos- 
phate. Such plants are called C; plants because the first 
organic product of carbon fixation is a three-carbon compound, 
3-phosphoglycerate (see Figure 10.19). Rice, wheat, and soy- 
beans are C; plants that are important in agriculture. When 
their stomata partially close on hot, dry days, C; plants produce 
less sugar because the declining level of CO, in the leaf starves 
the Calvin cycle. In addition, rubisco is capable of binding O, 
in place of CO,. As CO, becomes scarce within the air spaces of 
the leaf and O, builds up, rubisco adds O, to the Calvin cycle 
instead of CO,. The product splits, and a two-carbon com- 
pound leaves the chloroplast. Peroxisomes and mitochondria 
within the plant cell rearrange and split this compound, releas- 
ing CO,. The process is called photorespiration because it 
occurs in the light (photo) and consumes O, while producing 
CO, (respiration). However, unlike normal cellular respiration, 
photorespiration uses ATP rather than generating it. And unlike 
photosynthesis, photorespiration produces no sugar. In fact, 
photorespiration decreases photosynthetic output by siphoning 
organic material from the Calvin cycle and releasing CO, that 
would otherwise be fixed. This CO, can eventually be fixed if it 
is still in the leaf once the CO, concentration builds up to a high 
enough level. In the meantime, though, the process is energeti- 
cally costly, much like a hamster running on its wheel. 


How can we explain the existence of a metabolic process 
that seems to be counterproductive for the plant? According 
to one hypothesis, photorespiration is evolutionary baggage— 
a metabolic relic from a much earlier time when the atmo- 
sphere had less O, and more CO, than it does today. In the 
ancient atmosphere that prevailed when rubisco first evolved, 
the ability of the enzyme’s active site to bind O, would have 
made little difference. The hypothesis suggests that modern 
rubisco retains some of its chance affinity for O,, which is now 
so concentrated in the atmosphere that a certain amount of 
photorespiration is inevitable. There is also some evidence 
that photorespiration may provide protection against the 
damaging products of the light reactions, which build up 
when the Calvin cycle slows due to low CO,. 

In many types of plants—including a significant number 
of crop plants—photorespiration drains away as much as 50% 
of the carbon fixed by the Calvin cycle. Indeed, if photorespi- 
tation could be reduced in certain plant species without 
otherwise affecting photosynthetic productivity, crop yields 
and food supplies might increase. 

In some plant species, alternate modes of carbon fixation 
have evolved that minimize photorespiration and optimize 
the Calvin cycle—even in hot, arid climates. The two most 
important of these photosynthetic adaptations are C, photo- 
synthesis and crassulacean acid metabolism (CAM). 


C, Plants 


The C, plants are so named because they preface the Calvin 
cycle with an alternate mode of carbon fixation that forms a 
four-carbon compound as its first product. The C, pathway is 
believed to have evolved independently at least 45 separate 
times and is used by several thousand species in at least 
19 plant families. Among the C, plants important to agricul- 
ture are sugarcane and corn, members of the grass family. 
The anatomy of a C, leaf is correlated with the mechanism 
of C, photosynthesis. In C, plants, there are two distinct types 
of photosynthetic cells: bundle-sheath cells and mesophyll 
cells. Bundle-sheath cells are arranged into tightly packed 
sheaths around the veins of the leaf (Figure 10.20). Between 
the bundle sheath and the leaf surface are the more loosely 
arranged mesophyll cells, which, in C, leaves, are closely asso- 
ciated and never more than two to three cells away from the 
bundle-sheath cells. The Calvin cycle is confined to the chloro- 
plasts of the bundle-sheath cells. However, the Calvin cycle is 
preceded by incorporation of CO, into organic compounds in 
the mesophyll cells. See the numbered steps in Figure 10.20, 
which are also described here: 


@ The first step is carried out by an enzyme present only in 
mesophyll cells called PEP carboxylase. This enzyme 
adds CO, to phosphoenolpyruvate (PEP), forming the 
four-carbon product oxaloacetate. PEP carboxylase has 
a much higher affinity for CO, than does rubisco and 
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Photosynthetic 
cells of C4 plant 
leaf 


A Figure 10.20 C, leaf anatomy and the C, pathway. The 
structure and biochemical functions of the leaves of C, plants are an 
evolutionary adaptation to hot, dry climates. This adaptation maintains 
a CO, concentration in the bundle sheath that favors photosynthesis 
over photorespiration. 


no affinity for O,. Therefore, PEP carboxylase can fix car- 
bon efficiently when rubisco cannot—that is, when it is 
hot and dry and stomata are partially closed, causing CO, 
concentration in the leaf to be lower and O, concentra- 
tion to be relatively higher. 


@ After the CO, is fixed in the mesophyll cells, the four- 
carbon products (malate in the example shown in 
Figure 10.20) are exported to bundle-sheath cells 
through plasmodesmata (see Figure 6.29). 


© Within the bundle-sheath cells, the four-carbon com- 
pounds release CO,, which is re-fixed into organic mate- 
rial by rubisco and the Calvin cycle. The same reaction 
regenerates pyruvate, which is transported to mesophyll 
cells. There, ATP is used to convert pyruvate to PEP, which 
can accept addition of another CO,, allowing the reaction 
cycle to continue. This ATP can be thought of, in a sense, 
as the “price” of concentrating CO, in the bundle-sheath 
cells. To generate this extra ATP, bundle-sheath cells carry 
out cyclic electron flow, the process described earlier in 
this chapter (see Figure 10.16). In fact, these cells contain 
PS I but no PS II, so cyclic electron flow is their only pho- 
tosynthetic mode of generating ATP. 


In effect, the mesophyll cells of a C, plant pump CO, into 
the bundle-sheath cells, keeping the CO, concentration in 
those cells high enough for rubisco to bind CO, rather than 
O,. The cyclic series of reactions involving PEP carboxylase 
and the regeneration of PEP can be thought of as an ATP- 
powered pump that concentrates CO). In this way, C, pho- 
tosynthesis spends ATP energy to minimize photorespiration 
and enhance sugar production. This adaptation is especially 
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The C4 pathway 


@ In mesophyll cells, 
the enzyme PEP 
carboxylase adds CO3 
to PEP, forming a four- 
carbon compound. 


@ The four-carbon 
compound (such as 
malate) moves into 
a bundle-sheath cell 
via plasmodesmata. 


© In bundle-sheath 
cells, CO3 is 
released and 

enters the Calvin 


cycle. 


advantageous in hot regions with intense sunlight, where sto- 
mata partially close during the day, and it is in such environ- 
ments that C, plants evolved and thrive today. 

The concentration of CO, in the atmosphere has drasti- 
cally increased since the Industrial Revolution began in the 
1800s, and it continues to rise today due to human activities 
such as the burning of fossil fuels. The resulting global cli- 
mate change, including an increase in average temperatures 
around the planet, may have far-reaching effects on plant 
species. Scientists are concerned that increasing CO, concen- 
tration and temperature may affect C, and C, plants differ- 
ently, thus changing the relative abundance of these species 
in a given plant community. 

Which type of plant would stand to gain more from increas- 
ing CO, levels? Recall that in C; plants, the binding of O, rather 
than CO, by rubisco leads to photorespiration, lowering the 
efficiency of photosynthesis. C, plants overcome this problem 
by concentrating CO, in the bundle-sheath cells at the cost of 
ATP. Rising CO, levels should benefit C; plants by lowering 
the amount of photorespiration that occurs. At the same time, 
rising temperatures have the opposite effect, increasing photo- 
respiration. (Other factors such as water availability may also 
come into play.) In contrast, many C, plants could be largely 
unaffected by increasing CO, levels or temperature. Researchers 
have investigated aspects of this question in several studies; you 
can work with data from one such experiment in the Scientific 
Skills Exercise. In different regions, the particular combina- 
tion of CO, concentration and temperature is likely to alter the 
balance of C, and C, plants in varying ways. The effects of such 
a widespread and variable change in community structure are 
unpredictable and thus a cause of legitimate concern. 


Making Scatter Plots with 
Regression Lines 


Does Atmospheric CO, Concentration Affect the 
Productivity of Agricultural Crops? The atmospheric con- 
centration of CO, has been rising globally, and scientists wondered 
whether this would affect C, and C, plants differently. In this 
exercise, you will make a scatter plot to examine the relationship 
between CO, concentration and growth of both corn (maize), 

a C, crop plant, and velvetleaf, a C, weed found in cornfields. 


How the Experiment Was Done Researchers grew corn and 
velvetleaf plants under controlled conditions for 45 days, where all 
plants received the same amounts of water and light. The plants were 
divided into three groups, and each was exposed to a different con- 
centration of CO, in the air: 350, 600, or 1,000 ppm (parts per million). 


Data from the Experiment The table shows the dry mass (in grams) 
of corn and velvetleaf plants grown at the three concentrations of CO,. 
The dry mass values are averages of the leaves, stems, and roots of 
eight plants. 


| | 350 g 600 ppm | 1,000 ppm 


co, co, co, 
Average dry mass of 91 | 89 80 
one corn plant (g) 


Average dry mass of 35 48 54 
one velvetleaf plant (g) 


Data from D. T. Patterson and E. P. Flint, Potential effects of global atmospheric CO, 
enrichment on the growth and competitiveness of Cs and C, weed and crop plants, 
Weed Science 28(1):71-75 (1980). 


INTERPRET THE DATA 


1. To explore the relationship between the two variables, it is useful 
to graph the data in a scatter plot, and then draw a regression line. 
(a) First, place labels for the dependent and independent variables 
on the appropriate axes. Explain your choices. (b) Now plot the data 
points for corn and velvetleaf using different symbols for each set 
of data, and add a key for the two symbols. (For additional informa- 
tion about graphs, see the Scientific Skills Review in Appendix F.) 

2. Draw a “best-fit” line for each set of points. A best-fit line does 
not necessarily pass through all or even most points. Instead, it 
is a straight line that passes as close as possible to all data points 
from that set. Draw a best-fit line for each set of data. Because 
placement of the line is a matter of judgment, two individuals 
may draw two slightly different lines for a given set of points. 


C, photosynthesis is considered more efficient than C, 
photosynthesis because it uses less water and resources. On our 
planet today, the world population and demand for food are 
rapidly increasing. At the same time, the amount of land suit- 
able for growing crops is decreasing due to the effects of global 
climate change, which include an increase in sea level as well 
as a hotter, drier climate in many regions. To address issues of 
food supply, scientists in the Philippines have been working 
on genetically modifying rice—an important food staple that 
is a C; crop—so that it can instead carry out C, photosynthesis. 
Results so far seem promising, and these researchers estimate 


> Corn plant 
surrounded by 
invasive velvetleaf 
plants 


The line that actually 

fits best, a regres- 
sion line, can be 
identified by squar- / 
ing the distances id 4 
of all points to any 
candidate line, then plant 
selecting the line 
that minimizes the 
sum of the squares. 

(See the graph in 

the Scientific Skills 

Exercise in Chapter 3 m — 

for an example of a 

linear regression line.) Excel or other software programs, includ- 
ing those on a graphing calculator, can plot a regression line 
once data points are entered. Using either Excel or a graphing 
calculator, enter the data points for each data set and have the 
program draw the two regression lines. Compare them to the 
lines you drew. 

3. Describe the trends shown by the regression lines in your scatter 
plot. (a) Compare the relationship between increasing concen- 
tration of CO, and the dry mass of corn to that for velvetleaf. 

(b) Considering that velvetleaf is a weed invasive to cornfields, 
predict how increased CO, concentration may affect interactions 
between the two species. 

4. Based on the data in the scatter plot, estimate the percentage 
change in dry mass of corn and velvetleaf plants if atmospheric 
CO, concentration increased from 390 ppm (current levels) 
to 800 ppm. (a) What is the estimated dry mass of corn and 
velvetleaf plants at 390 ppm? 800 ppm? (b) To calculate the 
percentage change in mass for each plant, subtract the mass 
at 390 ppm from the mass at 800 ppm (change in mass), divide 
by the mass at 390 ppm (initial mass), and multiply by 100. What 
is the estimated percentage change in dry mass for corn? For 
velvetleaf? (c) Do these results support the conclusion from 
other experiments that C, plants grow better than C, plants 
under increased CO, concentration? Why or why not? 

Instructors: A version of this Scientific Skills Exercise can be 

assigned in MasteringBiology. 


that the yield of C, rice might be 30-50% higher than C; rice 
with the same input of water and resources. 


CAM Plants 


A second photosynthetic adaptation to arid conditions has 
evolved in many succulent (water-storing) plants, numer- 
ous cacti, pineapples, and representatives of several other 
plant families. These plants open their stomata during the 
night and close them during the day, just the reverse of how 
other plants behave. Closing stomata during the day helps 
desert plants conserve water, but it also prevents CO, from 
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entering the leaves. During the night, when their stomata 
are open, these plants take up CO, and incorporate it into a 
variety of organic acids. This mode of carbon fixation is called 
crassulacean acid metabolism, or CAM, after the plant 
family Crassulaceae, the succulents in which the process was 
first discovered. The mesophyll cells of CAM plants store 
the organic acids they make during the night in their vacu- 
oles until morning, when the stomata close. During the day, 
when the light reactions can supply ATP and NADPH for the 
Calvin cycle, CO, is released from the organic acids made 
the night before to become incorporated into sugar in the 
chloroplasts. 

Notice in Figure 10.21 that the CAM pathway is similar to 
the C, pathway in that CO, is first incorporated into organic 
intermediates before it enters the Calvin cycle. The difference 
is that in C; plants, the initial steps of carbon fixation are 
separated structurally from the Calvin cycle, whereas in CAM 
plants, the two steps occur within the same cell but at separate 
times. (Keep in mind that CAM, C,, and C; plants all eventu- 
ally use the Calvin cycle to make sugar from carbon dioxide.) 


Y Figure 10.21 C, and CAM photosynthesis compared. The 
C, and CAM pathways are two evolutionary solutions to the problem 
of maintaining photosynthesis with stomata partially or completely 
closed on hot, dry days. Both adaptations are characterized by 

@ preliminary incorporation of CO, into organic acids, followed 

by @ transfer of CO, to the Calvin cycle. 


Sugarcane 


Pineapple 


C4 


Mesophyll Organic aci 
call dane acid 


(b) Temporal separation of steps. 
In CAM plants, carbon fixation 
and the Calvin cycle occur in 
the same cell at different times. 


(a) Spatial separation of steps. 
In C4 plants, carbon fixation 
and the Calvin cycle occur in 
different types of cells. 
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Animation: Photosynthesis in Dry Climates 


CONCEPT CHECK 10.4 


1. Describe how photorespiration lowers photosynthetic 
output for plants. 

2. The presence of only PS |, not PS II, in the bundle-sheath 
cells of C, plants has an effect on O, concentration. What 
is that effect, and how might that benefit the plant? 

3. MAKE CONNECTIONS > Refer to the discussion of ocean 
acidification in Concept 3.3. Ocean acidification and 
changes in the distribution of C, and C, plants may seem 
to be two very different problems, but what do they 
have in common? Explain. 


4. WHAT IF? > How would you expect the relative abun- 
dance of C, versus C, and CAM species to change in a 
geographic region whose climate becomes much hotter 
and drier, with no change in CO, concentration? 


For suggested answers, see Appendix A. 


CONCEPT 10.5 
Life depends on photosynthesis 


The Importance of Photosynthesis: A Review 


In this chapter, we have followed photosynthesis from pho- 
tons to food. The light reactions capture solar energy and use 
it to make ATP and transfer electrons from water to NADP’, 
forming NADPH. The Calvin cycle uses the ATP and NADPH 
to produce sugar from carbon dioxide. The energy that enters 
the chloroplasts as sunlight becomes stored as chemical 
energy in organic compounds. The entire process is reviewed 
visually in Figure 10.22, where photosynthesis is also put in 
its natural context. 

As for the fates of photosynthetic products, enzymes in 
the chloroplast and cytosol convert the G3P made in the 
Calvin cycle to many other organic compounds. In fact, the 
sugar made in the chloroplasts supplies the entire plant with 
chemical energy and carbon skeletons for the synthesis of all 
the major organic molecules of plant cells. About 50% of the 
organic material made by photosynthesis is consumed as fuel 
for cellular respiration in plant cell mitochondria. 

Technically, green cells are the only autotrophic parts of 
the plant. The rest of the plant depends on organic molecules 
exported from leaves via veins (see Figure 10.22, top). In most 
plants, carbohydrate is transported out of the leaves to the rest 
of the plant in the form of sucrose, a disaccharide. After arriving 
at nonphotosynthetic cells, the sucrose provides raw material 
for cellular respiration and a multitude of anabolic pathways 
that synthesize proteins, lipids, and other products. A consider- 
able amount of sugar in the form of glucose is linked together to 
make the polysaccharide cellulose (see Figure 5.6c), especially 
in plant cells that are still growing and maturing. Cellulose, the 
main ingredient of cell walls, is the most abundant organic mol- 
ecule in the plant—and probably on the surface of the planet. 

Most plants and other photosynthesizers make more 
organic material each day than they need to use as respiratory 


fuel and precursors for biosynthesis. They stockpile the extra would reach 17 times the distance from Earth to the sun! 


sugar by synthesizing starch, storing some in the chloroplasts No chemical process is more important than photosynthesis 

themselves and some in storage cells of roots, tubers, seeds, to the welfare of life on Earth. 

and fruits. In accounting for the consumption of the food In Chapters 5 through 10, you have learned about many 

molecules produced by photosynthesis, let’s not forget that activities of cells. Figure 10.23 integrates these cellular 

most plants lose leaves, roots, stems, fruits, and sometimes processes into the context of a working plant cell. As you 

their entire bodies to heterotrophs, including humans. study the figure, reflect on how each process fits into the 
On a global scale, photosynthesis is the process responsible big picture: As the most basic unit of living organisms, a cell 

for the presence of oxygen in our atmosphere. Furthermore, performs all functions characteristic of life. 

although each chloroplast is minuscule, their collective 

productivity in terms of food production is prodigious: CONCEPT CHECK 10.5 

Photosynthesis makes an estimated 150 billion metric tons 1. MAKE CONNECTIONS > Can plants use the sugar they pro- ) 

of carbohydrate per year (a metric ton is 1,000 kg, about duce during photosynthesis to directly power the work of 


the cell? Explain. (See Figures 8.10, 8.11, and 9.6.). 


1.1 tons). That’s organic matter equivalent in mass to a 
For suggested answers, see Appendix A. 


stack of about 60 trillion biology textbooks—and the stack 


V Figure 10.22 A review of photosynthesis. This diagram shows the main reactants and products 
of photosynthesis as they move through the tissues of a tree (left) and a chloroplast (right). 
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e Take place in the stroma 
e Use ATP and NADPH to convert 
CO, to the sugar G3P 


e Return ADP, inorganic phosphate, 
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I * Convert light energy to the chemical 
Wave, energy of ATP and NADPH 
~\ 3 | Split H,0 and release O, 
ao 


z | 
H,0 E to the atmosphere 


BioFlix® Animation: Photosynthesis 
MP3 Tutor: Photosynthesis 
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Y Figure 10.23 


The Working Cell 


This figure illustrates how a generalized plant cell 
functions, integrating the cellular activities you 
learned about in Chapters 5-10. 
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In the nucleus, DNA serves as a template for the 
synthesis of mRNA, which moves to the 
cytoplasm. (See Figures 5.22 and 6.9.) — 


mRNA attaches to a ribosome, which remains free 
in the cytosol or binds to the rough ER. Proteins are Plasma 
synthesized. (See Figures 5.22 and 6.10.) a membrane 


ER flow in vesicles to the Golgi apparatus, where 
they are processed. (See Figures 6.15 and 7.9.) a Ds 
Transport vesicles carrying proteins pinch off 


Proteins and membrane produced by the rough | ~~ 
from the Golgi apparatus. (See Figure 6.15.) A 


Some vesicles merge with the plasma membrane, 


releasing proteins by exocytosis. (See Figure 7.9.) 


Proteins synthesized on free ribosomes stay in TA Je 
the cell and perform specific functions; examples A 

include the enzymes that catalyze the reactions 

of cellular respiration and photosynthesis. (See 

Figures 9.7, 9.9, and 10.19.) S 


Cell wall 
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Energy Transformations in the Cell: 
Photosynthesis and Cellular Respiration 
(Chapters 8-10) 


Movement Across Cell Membranes 
(Chapter 7) 


Water diffuses into and out of the cell 
directly through the plasma membrane and 
by facilitated diffusion through aquaporins. 


(See Figure 7.1.) 


) By passive transport, the CO, used in 
of light to convert CO, and H,O to organic molecules, with photosynthesis diffuses into the cell and 
O, as a by-product. (See Figure 10.22.) the O, formed as a by-product of 
photosynthesis diffuses out of the cell. Both 
solutes move down their concentration 
gradients. (See Figures 7.10 and 10.22.) 


(8) In mitochondria, organic molecules are broken down by 
cellular respiration, capturing energy in molecules of ATP, 
which are used to power the work of the cell, such as 
protein synthesis and active transport. CO, and H,O are 


In active transport, energy (usually supplied 
by-products. (See Figures 8.9-8.11, 9.2, and 9.16.) b a eee 


by ATP) is used to transport a solute ¢ 
its concentration gradient. (See Figure 7.16.) 


Exocytosis (shown in step 5) and endocytosis 
move larger materials out of and into the cell. 
(See Figures 7.9 and 7.19.) 
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7 Photosynthesis 
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8 €& 4 molecules 
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. 
The first enzyme that functions in 


glycolysis is hexokinase. In this plant cell, describe the entire process 
by which this enzyme is produced and where it functions, specifying 
the locations for each step. (See Figures 5.18, 5.22, and 9.9.) 
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0 Chapter Review 


CONCEPT 10.1 mem] 


Photosynthesis converts light energy to 
the chemical energy of food (pp. 189-192) 


= In eukaryotes that are autotrophs, photosynthe- 
sis occurs in chloroplasts, organelles containing 
thylakoids. Stacks of thylakoids form grana. 
Photosynthesis is summarized as 


6 CO, + 12 H,O + Light energy > C,H,,0, + 6 O, + 6 H,O. 


Chloroplasts split water into hydrogen and oxygen, incorporating 
the electrons of hydrogen into sugar molecules. Photosynthesis 

is a redox process: H,O is oxidized, and CO, is reduced. The light 
reactions in the thylakoid membranes split water, releasing O3, 
producing ATP, and forming NADPH. The Calvin cycle in the 
stroma forms sugar from CO,, using ATP for energy and NADPH 
for reducing power. 


900.g/6uS5ks 


e Compare the roles of CO, and H,O in cellular respiration and photosynthesis. 


CONCEPT 10.2 


The light reactions convert solar energy to the 
chemical energy of ATP and NADPH (pp. 192-207) 


Light is a form of electromagnetic energy. The colors we see as 
visible light include those wavelengths that drive photosynthe- 
sis. A pigment absorbs light of specific wavelengths; chlorophyll a 
is the main photosynthetic pigment in plants. Other accessory pig- 
ments absorb different wavelengths of light and pass the energy on 
to chlorophyll a. 

A pigment goes from a ground state to an excited state when 

a photon of light boosts one of the pigment’s electrons to a 
higher-energy orbital. This excited state is unstable. Electrons 
from isolated pigments tend to fall back to the ground state, 
giving off heat and/or light. 

A photosystem is composed of a reaction-center complex 
surrounded by light-harvesting complexes that funnel the 
energy of photons to the reaction-center complex. When a 
special pair of reaction-center chlorophyll a molecules absorbs 
energy, one of its electrons is boosted to a higher energy level and 
transferred to the primary electron acceptor. Photosystem IT 
contains P680 chlorophyll a molecules in the reaction-center 
complex; photosystem I contains P700 molecules. 

Linear electron flow during the light reactions uses both 
photosystems and produces NADPH, ATP, and oxygen: 


& 
"etry 


N te 
hy, sy, 
Primary Sy 27 Pore 
electron (Fd) 
acceptor y- NADP* 


NE Photosystem I 
Photosystem TI 
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Cyclic electron flow employs only one photosystem, produc- 
ing ATP but no NADPH or O,. 

During chemiosmosis in both mitochondria and chloroplasts, 
electron transport chains generate an H' gradient across a 
membrane. ATP synthase uses this proton-motive force to 
make ATP. 


(?) The absorption spectrum of chlorophyll a differs from the action 
spectrum of photosynthesis. Explain this observation. 


CONCEPT 10.3 _ 

The Calvin cycle uses the chemical energy 

of ATP and NADPH to reduce CO, to sugar 

(pp. 201-202) 
The Calvin cycle occurs in the stroma, using electrons from 
NADPH and energy from ATP. One molecule of G3P exits the 


cycle per three CO, molecules fixed and is converted to glucose 
and other organic molecules. 


3 CO, 


Carbon fixation 


3x5C 6 x3C 


Regeneration of 
CO, acceptor 


Reduction 


1 G3P (3C) 
DRAW IT > On the diagram above, draw where ATP and NADPH are used 


and where rubisco functions. Describe these steps. 


CONCEPT 10.4 _ 


Alternative mechanisms of carbon fixation 
have evolved in hot, arid climates (pp. 203-206) 


On dry, hot days, C, plants close their stomata, conserving 
water but keeping CO, out and O, in. Under these conditions, 
photorespiration can occur: Rubisco binds O, instead of CO,, 
consuming ATP and releasing CO, without producing ATP or car- 
bohydrate. Photorespiration may be an evolutionary relic, and it 
may play a photoprotective role. 

C, plants minimize the cost of photorespiration by incorporat- 
ing CO, into four-carbon compounds in mesophyll cells. These 
compounds are exported to bundle-sheath cells, where they 
release carbon dioxide for use in the Calvin cycle. 

CAM plants open their stomata at night, incorporating CO, into 
organic acids, which are stored in mesophyll cells. During the day, 
the stomata close, and the CO, is released from the organic acids 
for use in the Calvin cycle. 

Organic compounds produced by photosynthesis provide the 
energy and building material for Earth’s ecosystems. 


@ Why are C, and CAM photosynthesis more energetically expensive 
than C, photosynthesis? What climate conditions would favor C4 
and CAM plants? 


CONCEPT 10.5 = 


Life depends on photosynthesis (pp. 206-209) 


= Organic compounds produced by photosynthesis provide the 
energy and building material for Earth’s ecosystems. 


@ Explain how all life depends on photosynthesis. 


TEST YOUR UNDERSTANDING 


Level 1: Knowledge/Comprehension oe ol 


1. The light reactions of photosynthesis supply the 


Calvin cycle with Bi: 
(A) light energy. PRACTIC E 
(B) CO, and ATP. m 


(C) H,O and NADPH. 
(D) ATP and NADPH. 


2. Which of the following sequences correctly represents the flow 


of electrons during photosynthesis? 

(A) NADPH > O, > CO, 

(B) H,O —> NADPH —> Calvin cycle 

(C) H,O — photosystem I + photosystem II 
(D) NADPH > electron transport chain —> O, 


3. How is photosynthesis similar in C, plants and CAM plants? 
(A) In both cases, only photosystem I is used. 
(B) Both types of plants make sugar without the Calvin cycle. 
(C) In both cases, rubisco is not used to fix carbon initially. 
(D) Both types of plants make most of their sugar in the dark. 


4. Which of the following statements is a correct distinction 
between autotrophs and heterotrophs? 
(A) Autotrophs, but not heterotrophs, can nourish themselves 


beginning with CO, and other nutrients that are inorganic. 


(B) Only heterotrophs require chemical compounds from the 
environment. 

(C) Cellular respiration is unique to heterotrophs. 

(D) Only heterotrophs have mitochondria. 


5. Which of the following does not occur during the Calvin cycle? 


(A) carbon fixation 

(B) oxidation of NADPH 

(C) release of oxygen 

(D) regeneration of the CO, acceptor 


Level 2: Application/Analysis 


6. In mechanism, photophosphorylation is most similar to 
(A) substrate-level phosphorylation in glycolysis. 
(B) oxidative phosphorylation in cellular respiration. 
(C) carbon fixation. 
(D) reduction of NADP”. 


7. Which process is most directly driven by light energy? 
(A) creation of a pH gradient by pumping protons across the 
thylakoid membrane 
(B) reduction of NADP* molecules 
(C) transfer of energy from pigment molecule to pigment 
molecule 
(D) ATP synthesis 


Level 3: Synthesis/Evaluation 
8. SCIENCE, TECHNOLOGY, AND SOCIETY Scientific evidence 


indicates that the CO, added to the air by the burning of wood 


and fossil fuels is contributing to global warming, a rise in 
global temperature. Tropical rain forests are estimated to be 
responsible for approximately 20% of global photosynthesis, 
yet the consumption of large amounts of CO, by living trees 


goo.glCUYGKD 


10. 


11. 


is thought to make little or no net contribution to reduction 
of global warming. Explain why this might be the case. (Hint: 
What processes in both living and dead trees produce CO,?) 


. EVOLUTION CONNECTION Photorespiration can decrease 


soybeans’ photosynthetic output by about 50%. Would you 
expect this figure to be higher or lower in wild relatives of 
soybeans? Why? 


SCIENTIFIC INQUIRY * MAKE CONNECTIONS The following 
diagram represents an experiment with isolated thylakoids. The 
thylakoids were first made acidic by soaking them in a solution 
at pH 4. After the thylakoid space reached pH 4, the thylakoids 
were transferred to a basic solution at pH 8. The thylakoids then 
made ATP in the dark. (See Concept 3.3 to review pH.) 


pH 7 
“le 


Draw an enlargement of part of the thylakoid membrane in 
the beaker with the solution at pH 8. Draw ATP synthase. 
Label the areas of high H* concentration and low H* 
concentration. Show the direction protons flow through 

the enzyme, and show the reaction where ATP is synthesized. 
Would ATP end up in the thylakoid or outside of it? Explain 
why the thylakoids in the experiment were able to make 

ATP in the dark. 


WRITE ABOUT A THEME: ENERGY AND MATTER Life is 
solar powered. Almost all the producers of the biosphere 
depend on energy from the sun to produce the organic 
molecules that supply the energy and carbon skeletons 
needed for life. In a short essay (100-150 words), describe 
how the process of photosynthesis in the chloroplasts of 
plants transforms the energy of sunlight into the chemical 
energy of sugar molecules. 


. SYNTHESIZE YOUR KNOWLEDGE 


“Watermelon snow” 

in Antarctica is caused 
by a species of photo- 
synthetic green algae 
that thrives in sub- 

zero temperatures 
(Chlamydomonas 
nivalis). These algae 

are also found in high- 
altitude year-round 
snowfields, In both loca- 
tions, UV light levels 
tend to be high. Based 
on what you learned in 
this chapter, propose 

an explanation for why 
this photosynthetic alga 
appears reddish-pink. 


For selected answers, see Appendix A. 


For additional practice questions, check out the Dynamic Study 
Modules in MasteringBiology. You can use them to study on 
your smartphone, tablet, or computer anytime, anywhere! 
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Cell Communication 


11.4 


11.5 


> Epinephrine 
(adrenaline) 
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External signals are converted 
to responses within the cell 


Reception: A signaling molecule 
binds to a receptor protein, 
causing it to change shape 


Transduction: Cascades of 
molecular interactions relay 
signals from receptors to target 
molecules in the cell 


Response: Cell signaling leads 
to regulation of transcription 
or cytoplasmic activities 


Apoptosis integrates multiple 
cell-signaling pathways 


Cellular Messaging 


The impala in Fi > 11.1 flees for its life, racing to escape the predatory cheetah 
nipping at its heels. The impala is breathing rapidly, its heart pounding and its legs 
pumping furiously. These physiological functions are all part of the impala’s “fight- 
or-flight” response, driven by hormones released from its adrenal glands at times 
of stress—in this case, upon sensing the cheetah. What systems allow the trillions 
of cells in the impala to “talk” to each other, coordinating their activities? 

Cells can signal to each other and interpret the signals they receive from other 
cells and the environment. The signals may include light and touch, but are most 
often chemicals. The flight response shown here is triggered by a signaling molecule 
called epinephrine (also called adrenaline; see the space-filling model included 
here). In studying cell communication, biologists have discovered ample evidence 
for the evolutionary relatedness of all life. The same set of cell-signaling mechanisms 
shows up again and again in diverse species, in processes ranging from bacterial sig- 
naling to embryonic development to cancer. In this chapter, we focus on the main 
mechanisms by which cells receive, process, and respond to chemical signals sent 
from other cells. We will also consider apoptosis, a mechanism of programmed cell 
death that integrates input from multiple signaling pathways. 


When you see this blue icon, log in to MasteringBiology 
and go to the Study Area for digital resources. 


